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ABSTRACT

Infrared emission spectra have been obtained from operating elasto-

hydrodynamic bearings through a diamond window. Failure modes were

observed in two instances, with a cycloparaffinic and an aromatic

lubricant, both in the presence of an organic chloride. The mechanism

of carbonization and polymerization appeared to be ionic in each case.

All the infrared spectra were polarized to a degree depending on

the shear rate and more so in presence of an organic chloride. In at

least one case the chloride came out of solution and two phase flow

occurred.

The instrumentation developed is so discriminating and sensitive

that spectra from layers as thin as one molecular thickness would seem

to be obtainable. It can therefore be useful for surface analysis in

different situations.
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1. INTRODUCTION

Infrared emission spectrophotometry is one of the very few procedures

capable of analyzing the events leading to bearing failure. It can be

used on an operating bearing by examining the radiation emanating through

a window and it can yield information regarding the situation in the very

thin film of lubricant which separates the solid moving surfaces--the micro-

reactor where the action is. This film, in a typical ball bearing under

very heavy load, may be less than a hundred molecules thick and perhaps a

hundred micrometers in diameter. Under operating conditions it heats up,

perhaps up to 100*C, but usually only to 40°-50*C. A fraction of the

thermal energy, which is generated by internal friction, can be allowed

to pass through a diamond window--diamond for transparency and hardness--

and analyzed.

It is obvious that the instrumentation is not simple. It must be

free from excessive vibrations or the sample is removed from the range of

the instrumentation. The sensitivity and, above all, the spectral dis-

crimination, must be extremely high. We were able to attain sufficiently

high levels by various differential techniques so that we believe to

be well able to analyze monomolecular layers.

An important difference between a stationary sample and a lubrica-

ting film of an operating bearing is, of course, the motion itself. It

leads to some rather unusual spectral features caused by polarization

phenomena. Then the temperature is likely to be nonuniform through

the film and that can lead to partial--or complete--reabsorption of the

emitted radiation. Hence the analysis of the spectra is not a simple

matter either and requires many redundancies.

Nevertheless we attained much of what we set out to do. Deopite

the rapidity of the failure reactions we were able to follow two of them
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in some detail, we were able to prove viscosity loss through flow polarization,

we discovered the possibility of two-phase flow by losing a component from

solution under operating conditions and we were able to state some principles

which may be helpful in avoiding failures. A simple result is this: When

chlorinated solvents are used in an overhaul, care should be taken to remove

them all before introducing the lubricant.

*If
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2. APPARATUS

The basic measuring instrument was a slow-scanning Michelson interfer-

ometer, originally purchased from Beckman-RIIC (Model FS-720). This instru-

ment was designed for the far infrared spectral region (40-400 cm" ) and for

absorption spectroscopy only. All but the central optics of this instrument

was changed; a new beamsplitter was provided, the scanning mirror drive was

automated, the electronics was entirely replaced and, most importantly, an

inlet system for emission spectroscopy was designed and built. The last-

named apparatus portion was, of course, what made this work possible. It

underwent a series of changes as improvements suggested themselves. As a

result we now have what we believe to be the most discriminating and sensi-

tive infrared emission spectrophotometer anywhere, an instrument capable of

obtaining an infrared spectrum from a surface layer less than 100 m in

diameter and perhaps only one molecular layer thick (at this time the limiting

dimensions are not yet known). Because such thin layers turned out to be

oriented on a molecular scale, the orientation was itself used to increase

the apparatus sensitivity and, conversely, to provide information on the

nature of the sample volume.

In the following subsections particular portions of the apparatus and

accessories will be discussed, with emphasis on recent achievements.

2.1 Ball/Plate Sliding Lubricating ContactI
Most of the work was concerned with emission spectroscopy of the

lubricant in operating heavily loaded bearings under so-called elasto-

hydrodynamic lubricating conditions. In this type of operation the two

surfaces, which are in relative motion with respect to each other, are

of non-conforming geometries and are elastically deformed. Examples of

'I
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elastohydrodynamic lubrication are gears, cams, and above all, ball bearings.

Failure of ball bearings, in particular, is often caused by scuffing, a mech-

anism of catastropic failure, which was one of the main objectives of this

study.

Figure I shows the mockup bearing assembly used for most of our work.

The mechanical setup is basically a ball-on-plate sliding contact. A loaded

(generally) steel ball (diameter 0.0572 m) is rotated in a cup containing the

test fluid and made to slide over a diamond window at the bottom. The contact

region is formed in the fluid layer between the elastically flattened ball

and the diamond surface. Typical layer thicknesses are 0.2 1km for customary

fluid viscosities and fluid temperatures under typical loads and linear

sliding velocities. It is possible to measure these thicknesses by photo-

graphing the interference pattern (distorted Newton rings) through a micro-

scope while the system is in operation.

The loading of the ball is accomplished by locating a roller-supported

platform on the upper ball surface and hanging different weights on this

platform. Two rollers (outer races of roller bearings) run over the steel

ball along the same perimeter as the diamond contact. The friction of these

rollers is negligible compared to that of the ball/diamond sliding contact.

The rollers are lubricated with the fluid under study. The contact points

of the rollers on the ball are at about + 30 ° degrees with the vertical.

The ball itself is rotated about a horizontal axis by a flexible

shaft. Connection between ball and shaft is made by a cup ground hollow

by a similar bearing ball and by cyanoacrylate "super-" glue. The shaft

is held in place at the rim of the cup by a sloppy bearing. On the opposing

side of the rim is a set-screw (Figure 2) to maintain the ball's position

over th., diamond window; the shaft is flexible and transfers torque only.
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The shaft is driven by an electric motor mounted on a separate table.

The ball/plate assembly is located on a steel table for rigidity which

itself straddles the interferometer on its optical table. The optical

table is of commercial construction, a one-ton granite slab on an air-

cushioned pedestal to isolate room vibrations. The heavy steel table

with the mock bearing becomes, in effect, part of the stone table. However,

motor vibrations could still transfer to the optics by way of the shaft.

To prevent this calamity from arising, the outer housing of the shaft is

clamped to the steel table at a carefully determined position and thus

"tuned" in a manner similar to that used by musicians playing the cello.

In other words, frequencies in the range detected by the radiation detector

are tuned out. The solution of the vibration problem was of crucial

importance to this project; typically the contact area analyzed by infrared

emission is 50-100 pm in diameter and two meters away from the detector

(sensitive area of 1000 lim diameter). Any small vibrations could activate

a substantial optical lever. This circumstance alone would be serious

enough, but the sensitivity of the Golay pneumatic detector (a small gas

volume partly contained by a deformable membrane) to microphonics aggravated

the problems. Indeed, some solid state detectors are less prone to micro-

phonics but also less sensitive to weak infrared vibration and require

cooling; we opted for the Golay.

The test fluid in the cup (about 75 ml) is thermostatted by a coil

of circulated water. Temperatures are noted at various stations by thermo-

couples. The rotational velocity of the shaft is measured by a frequency

counter.

, " .. .... i _: . . . . if-:
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2.2 Interferometer Modifications

Although we were donated two Beckman-RIIC Model FS-720 Far Infrared

Interferometers--one by the Sun Company and a later model by the du Pont

Company--we rebuilt them to such an extent that, in effect, only the

housing and the optical parts remained. As a matter of fact, even the

beamsplitter, the central part of a Michelson interferometer, was replaced.

Thus our instrumentation can truly be called unique and the question might

be asked whether, in view of reasonably priced infrared interferometers

available now, our reconstruction work was justified. Aside from the high

cost of the commercial instrumentation when this work was started, our

construction was justified because ours is the only truly infrared emission

interferometer built for exceedingly weak signals, having 10 cm diameter

optics throughout, an exceedingly sensitive detector, phase-locked electronics,

and slow mirror drives, in addition to a unique emission inlet system adapted

to microscopy. Indeed the original design for the far infrared proved to

be highly adaptable for emission in the mid-infrared because in either case

the source signals are weak.

Our modifications can be grouped into (a) optical, i.e. beamsplitter,

mirror drive, and polarized emission microscope, and (b) electronic and

computational.

2.2.1 Optical Interferometer Modifications

2.2.1.1 Beamsplitter

The key optical element of any Michelson interferometer is the beamsplit-

ter. For the far-infrared a stretched film of Mylar (polyethylene terephth-

alate) is the usual materal. Because of absorption Mylar is not usable in

the mid-infrared and germanium-coated salt (potassium chloride or bromide)
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plates have become standard commercial practice. A holder was built to accom-

modate three-inch diameter, one-quarter to one-half Inch thick plates in the

Mylar film holder of the instrument. The beamsplitter is a sandwich of

two plates, one of them coated with a 0.55 om thick layer of germanium by

evaporation. The diameter of these plates is therefore larger than usual,

our requirement for large radiation throughput, but also a source of

continuous concern. Figure 3 shows a photograph of the beamsplitter in

essentially monochromatic light. The fringes arise from the air wedge

between the germanium-coated plate and the uncoated plate in close contact

with it. Most of the fringes are near the edge where the clamping takes

place. The central region--at least two inches out of three--is basically

fringeless, showing that the plates were parallel at that time and making

good contact with each other.

A few months later the same beamsplitter was removed and photographed

(Figure 4). The quality of the spectra had deteriorated (broader bands, a

general frequency shift) and the central fringe of the interferogram had

become inverted. Since one of the two split beams is reflected at the

salt/germanium interface while the other is reflected at the air/germanium

interface--when there is an airspace between the germanium coating and the

uncoated salt face next to it--the recombined beams are about 1800 degrees

out of phase on recombination. This condition would be tolerable were it

uniform across the entire area of the beamsplitter, but, of course, it

never is. The height and direction of the central fringe is therefore a

measure of beamsplitter quality. Almost perfect interferogram symmetry

could be obtained when the beamsplitter was in the condition of Figure 3.

To reduce the sagging of the beamsplitter, which caused this deterior-

ation, a new holder was designed and built, which could accommodate one-
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half inch thick plates and the laboratory was placed under much stricter

humidity control than before.

Our high sensitivity of spectral measurements is, to a very large

extent, a result of our emphasis on bemsplitter quality (flatness to one

fringe per three inches has become our standard specification). Commercial

interferometers, having smaller optics, are less subject to beamsplitter

deformation. A note to a journal on the relationship between beamsplitter

flatness and central fringe intensity in interferograms is in preparation.

2.2.1.2 Mirror Drive

Two standard FS-720 interferometer mirror drives were available at the time

of sale: a continuous one and a step drive with a micrometer screw calibrated in

micrometers. In either case the shortest mirror displacement between readings

was 4 pm, corresponding to a phase difference of 8 vim. (It will be recalled

that digitized signal readings are necessary in infrared interferometry

because Fourier transforms and other computational procedures are required in

order to compute spectra). Information theory limits the highest wavenumber

-l
obtainable with such a spacing to 625 cm or, in other words, only the far

infrared frequency region is accessible. To change the instrumentation

to the midinfrared, it was necessary to reduce the displacement interval

eight-fold to 0.5 *pm. This task was done at the start of the project for the

continuous drive (our Sun Co. interferometer) by dividing a Moirg photocell

waveform electronically. Special circuits were built for this purpose,

basically consisting of a smoothing filter and a differentiator. This system

has been working reasonably well, as long as the fine tuning was checked at

frequent intervals and the Moir gratings were in good condition. A much

better system was built in the final project year for the stepdrive (the

du Pont) instrument. Since the same idea was also applied later to the

ai
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polarized emission inlet system it will be discussed in some detail below.

A new stepping motor and control unit were incorporated into the drive

mechanism for the movable Michelson interferometer mirror in the step-drive

instrument since the original equipment was poor and, in any case, no longer

operational. Our second interferometer system, which uses Moire gratings

to monitor the Michelson mirror displacment, will soon be transformed to

step-drive as well. Since an optical measurement system (Moire gratings)

does not require--at least in principle--the same rigidity of construction

as a mechanical one, it was cheaper to purchase originally. It was also

believed originally, erroneously so, that the optical system would be faster

since photocell pulses transmitted when the two Moire gratings were aligned

in parallel did not necessitate a change of drive speed. In actual fact

the Moire gratings system is speed-limited since the effective intensity of

the light passed through parallel Moire slits is greatly reduced when the

gratings are in fast relative motion and the trigger signals asking the

digital voltmeter to take readings become unreliable. Indeed the fringe-

counting laser interferometric system used in most commercial infrared

interferometers today provides very fast triggering, but such fast

triggering is not necessary for the Golay detector we Lave been using.

It should be mentioned that stepping motors are electromagnetic

actuators which convert electric pulses into discrete incremental output

shaft motion. The output shaft of a stepping motor rotates through a

number of incremental positions determined by the number of pulses it

has received and the speed of the rotating shaft is determined by the

period between pulses. The positional error in a stepping motor is non-

cumulative ; accurate angular position and speed control can be readily

achieved and triggering pulses are readily available.
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We have been using M-series stepping motors made by the Superior

Electric Company of Bristol, CT, consisting of a Model MO62FD-09 Slo-syn

motor, an MPS-3000 power supply, an STM 103 translator module, and two

133832-006 dropping resistors. Figure 5 gives the wiring diagram of the

stepping motor control system. The translator module is the heart of the

stepping motor system. It provides all the triggering signals to each

winding in the motor to assure stable and smooth running. The motor can

also be single-stepped and is bidirectional.

The stepping motor is so controlled that it causes the mirror to

move 0.4 Vim per step, corresponding to an optical path difference of

1.0 Vm. Theoretically, therefore, the smallest measureable wavelength is

2.0 pm or the highest frequency is 5000 cm- , which means that the entire

mid-infrared region is available to us (the low frequency or high wavelength

limit is about 15 Vim or 600 cm -1, determined by absorption of the germanium

bemasplitter).

2.2.1.3 Chopper and Blackbody Reference

Both interferometers are equipped with choppers of the tuning fork

type shown in Fig. 6. The tines are located in front of the opening in

the mirror housing where the source radiation is transferred from the

vertical direction to the horizontal direction, which is the plane of

incidence of the interferometer. This location is not the best theotetically

since potential radiation upstream from the chopper blades would still be

accepted by the detector. Ideally the chopper should be immediately behind

the source. Our choice was dictated by the need for a blackbody reference

whose radiation is introduced into the optical path by reflection of the

chopper blades and is detected alternatingly with the source radiation.

Whenever the chopper blades have come together to block the source radiation

II. [



blackbody radiation is introduced. The phase-locked amplifier will then

amplify only the difference between source and reference radiation.

The chopper frequency can be varied about 20 Hz. This slow rate is

dictated by the nature of the detector. However, it must be fast compared

to the reading rate, which is about two per second. Hence it takes somewhat

less than ten minutes to collect 1000 data points, which has been our operating

standard. Indeed, we found that a 10:1 ratio of chopper to reading rate can be

considered fast in this context. Commercial infrared interferometers do not use

choppers but instead displace the interferometer mirror for an entire spectrum in

about a second and accumulate many spectra for averaging. Since about 1000

spectra would be required to match our singal/noise ratio, the data accumula-

tion time would be about the same as ours. For an operation comparable to

ours, a blackbody emission spectrum would have to alternate with a source

emission spectrum every second. The question then arises whether enough

energy per data point (1000 data points, i.e. one reading per millisecond)

would impinge on the detector to produce valid data. It would seem possible

to me to achieve it, but our system would still have greater radiation-gathering

power because of the larger optics and is simpler, as we can use a room-

temperature detector. We did some exploratory work with a liquid nitrogen-

cooled mercury-cadmium-telluride detector--in the hope of increasing our

sensitivity even more--but found the resulting shielding problem difficult

to handle. All the instrumentation ahead of the detector and chopper would

be at a temperature above that of the detector and radiate strongly.

Our present blackbody reference source is shown in Fig. 7. It was

designed and built entirely during the last year of the project and is very

much superior to what we had before, Commercial sources could not be used

since they could not meet our space limitations. We require independent

temperature and flux control and fast changes of either. We also require
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very constant operation, once set, a high degree of flux directionality,

and remote controls, since the unit is built into the interferometer. Temper-

ature control alone is unsatisfactory since then the slopes of the blackbody

curves (intensity versus wavelength) of source and reference can differ and

our difference spectra can have sloping backgrounds and inverted spectral

bands. In our unit the radiation emerges from the hole in front. The flux

can be controlled by the spring loaded adjustable wedge in front of the hole.

The temperature is controlled by circulating water from a thermostatted

reservoir. The same water can also be circulated around a stationary sample,

thus maintaining sample and reference at very nearly the same temperatures.

The outer shell of the blackbody is always maintained at ambient temperature.

Figure 8 shows the blackbody schematically. The emerging flux is so aligned

and 'ocused as to impinge on the chopper blades when they are closed. Temperatures

up to 200*C can be maintained with the outer steel remaining at room temperature.

2.2.1.4 Polarized Emission Microscope System

The original reason for the use of a microscope objective to pick up

radiation from a lubricating contact was simple: The contact area between

a bearing ball and a plate--diamond window in our case--is small, typically

less than one-half millimeter in diameter--and if sufficient radiation is to

be gathered from the thin lubricant film in this region, it must be done over

a reasonably large solid angle. A lens of large numerical aperture and a

working distance consistent with the geometry was therefore postulated.

Fortunately Beck Ltd of England makes Cassegrainian lenses of all-reflecting

elements, which can be aligned by eye and still work over the entire infrared

region without chromatic aberration. For our work we used two lenses, 15X

and 36X, having numerical apertures of 0.28 and 0.50, and working distances

of 24 and 8 mm respectively.
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Most of the work reported here was done with the 15X lens. Later we

applied the same procedure to emission spectroscopy from stationary surface

deposits. Then it became evident (Figure 9) that the ines of the higher

numerical aperture provided spectra of higher resolution as well as of some-

what higher intensity than that of the lower numerical aperture. A lens of

54X magnification and a numerical aperture of 0.65 turned out to be still

better in this respect but its working distance of only 3.5 amm made its use

for lubricant spectroscopy impractical. Since all these lenses accept the

same radiant flux--the greater numerical aperture is compensated by a smaller

field of view.-the increased intensity must be ascribed to the relatively

reduced obstruction of the convex mirror support in the Cassegrainian design

at greater numerical aperture. This seems to be precisely the case; for example,

the percent of the central area obstructed by the 15X lens is 17.5%, while it

is only 12.5% for the 36X lens. However, the higher resolution attained with

objectives of higher numerical aperture would seem to be caused by the higher

effective angle of incidence--the thickness of the emitting layer is increased as

is the contribution of components of the transition moment vector giving rise

to the infrared emission in the first place. The latter effect would be large

for transition moments oriented perpendicular to the surface and much smaller

or non-existent for others. Figure 9 shows no differences between bands,

but differences did come up in other work.

The microscope objective also turned out to be of great advantage in infrared

Fourier emission spectroscopy whenever surface deposits to be analyzed were

granular. The radiation emitted from a larger area would be dominated by

blackbody radiation from the interstices between grains. The microscope

lens could be trained on a single grain or on only a few grains and thus bring

out discrete spectral features. Since the standard focal length of all micro-

scope lenses is large; 160 mm nowadays (it used to be 170 mm 30 years ago), the
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radiation impinging on the collimator of the interferometer has a narrow

spread--another factor improving the resolution.

The small convergence and axial symmetry of the radiation flux emerging

from the microscope objective makes it possible to check it for polarization.

Fortunately the entire optical path through the instrumentation is axially

symmetric and not sensitive to the polarization plane with the sole--but

important--exception of the beamsplitter. As Bell [1] points out, however,

a germanium beamsplitter differentiates between s and 2 polarization only

slightly, favoring the former by about 10% and this is the value we confirmed

experimentally.

It therefore occurred to us that the discrimination of the instrumentation

for polarized emission bands could be greatly improved by substituting a

rotating polarizing disc for the chopper. At successive 900 degrees of rota-

tion of the disc about the optical axis the radiation transmitted through the

disc would be polarized in mutually perpendicular planes. Reference signals

would be sent to the amplifier at exactly every quarter turn of the disk from

an arbitrary reference position (or phase angle At) and only the difference

between detector readings for these positions would be amplified. Randomly

polarized graybody radiation would be subtracted out.

This mode of operation, which we have been calling Mode 2

(Mode 1 is the normal operation with the chopper), works very well, even

though the interferogram produced in this difference mode can be very weak.

Two conditions must be met--in addition, of course to the requirement that the

source radiation be polarized--, (i) the radiation beam must be collimated

or be at least of small angular spread, and (ii) the rotational speed must

be exactly constant. As already mentioned, the first condition is satisfactorily

met on the downstream side of the collecting lens. Constancy of rotational speed

is obtained by another stepping motor/control unit system, which is essentially

identical with that used on interferometer mirror drive (except for speed).



-15-

Figure 10 shows the setup, containing a cog-belt drive, a timing plate,

and an optical sensor over it. The motor drive assembly is mounted on a

plate above but separated from the collimator box cover. It rides on

two nylon sliders. Correct tension can be applied to the belt by thumb-

wheels. The timing plate containing black and white sensors can be rotated

with respect to the geared disc, on which it sits. This rotation is

equivalent to turning the sample and thereby changing the reference

direction with riect to which the polarized radiation is recorded. By

setting the r- wz-ce plane in such a way as to maximize the signal (the

differen. . at the radiation detected which is polarized parallel

and pErA: . 7 ar to the reference plane) for a wavenumber region limited

by a appropriate optical filter, the direction of the average transition

momeuLts producing the infrared radiation in this region can be located.

Some of the most interesting results of this work came from this method

of analysis. In ball/plate experiments it is advantageous to make the

reference coincident with the Hertzian conjunction plane, i.e. the plane

containing the center of the ball and the center line through the

Hertzian contact, in order to detect flow polarization.

Polarized infrared radiation is indicated whenever appreciable

output is recorded in Mode 2 operation. However, the signal is often

weak. In those cases, a Mode 3 method, where the polarizer is placed at

a given known angle but procedure is otherwise, the same as Mode I is

sometimes useful.

Figures 11 a,b,c are schematic diagrams of the three modes of

operation. The sensitivity and discrimination of the combination of a

high numerical aperture lens and Mode 2 operation makes this instrumentation

superior to any other infrared instrumentation I know of. We have been

able to detect dimethylpyrrole in the deposit formed on a piece of
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aluminum foil when a drop of a micromolar chloroform solution was allowed

to spread and then evaporate. In fact, this procedure would seem to be

adaptable to the analysis of liquid chromatography fractions. Work is

now in progress to determine detectability limits; they could well be

of the order of a monomolecular layer for some materials.

2.2.2 Electronic and Computational Modifications

2.2.2.1 Amplifiers and Detectors

An Ithaco Model 191A Lock-In amplifier was used for both interferometers

to substitute for the original amplifiers of both interferometers. For much

of this work the reference signal was still provided by the photocells of

the Moire grating device used to determine the interferometer mirror dis-

placement. Since the gratings were ruled at 2.0 jim intervals and a 0.5 im

displacement was necessary to cover the complete mid-infrared, our original

system required an electronic divider, consisting essentially of a smoothing

filter to eliminate glitches caused by scratches and dust on the Moirg

gratings, two differentiators, and a zero-crossing detector. In other words,

the "sine-wave" output produced by the photocell as a result of the partial

blocking of the radiation from a lamp by the relative motion of two combs

is used to provide triggering signals at the peak, valley, and the two

I zero crossings; differentiation converts peaks and valleys to zero crossing.

While this arrangement is designed to measure distance rather than time--/the rate of mirror displacement cannot be assumed to be sufficiently
uniform--it is nevertheless not independent of displacement rate because

of the relatively long electronic and detector time constants. Furthermore

the smoothing filter, which is absolutely necessary to permit differentiation,

lengthens the time constant. Hence although originally considered faster

6L
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than a stepping motor drive, the Moirg system is actually slower and less

accurate. For this reason, it was replaced by stepping motors as described

in the preceding sections.

The lock-in amplifier is, of course, essential not only to reduce the

random noise and increase the weak signal/noise ratio but to provide the

differential signal amplification, i.e. source emission minus blackbody

at nearly the same temperature for Mode 1 operation, source emission polarized

in a plane parallel minus source emission polarized in a plane perpendicular

to the reference plane (all planes containing the optical axis of the objective

lens) in Mode 2 and source emission polarized at a known angle with respect

to the reference plane minus unpolarized blackbody radiation in Mode 3.

One lock-in amplifier in inadequate to furnish the ratio between two

signals, e.g. the source and the blackbody signal in Mode 1 or the two polar-

ized signals in Mode 2 so as to provide a running record of the emissivity

or the dichroic ratio. Two lock-in amplifiers would be necessary for this

purpose, one of them operated one-half cycle behind the other and yielding

the sum of the two signals instead of their difference (with a phase inverter).

Two separate interferograms would then be recorded and stored for every

spectral run. They would then have to be transformed separately by computer

to yield two spectra and the spectra ratioed. (NOTE: It Ls not possible

to take running ratios and to carry out only one Fourier transformation

to get the ratio spectrum because the Fourier transform of a ratio is not

the ratio of the spectra of numerator and denominator but r convolution

of them. Instead of two separate lock-in amplifiers it is possible (from

Ithaco Inc.) to use only one but with a chopper providing two different

frequencies which can then be amplified separately). Since our work required

mostly only comparisons rather than exact determinations of emissivities,



-18-

we did not construct emissivity spectra. In a few cases we recorded source and

blackbody spectra in succession and ratioed them later. This procedure did not

work out, however, because of excessive noise. We did, however, purchase parts

for two lock-in amplifiers at reasonable cost but could not proceed with the

construction of the ratioing system because of the memory limitations of our

minicomputer. This situation will change soon, however, as described in the

following section.

2.2.2.2 Minicomputer

All the interferometer work for this project was carried out with a

Texas Instruments Model 990/4 Minicomputer, which was provided with a SLING

interface for the plotting of spectra automatically on a Houston Instrument

Model 2000 X/Y analog recorder. Because of severe memory limitations in the

central processor our program package had to be cut down to its bare essentials.

Even so, since overlays were required, the computation and plotting of onie

1000-point spectrum would require almost an hour, while the data acquisition

took only about 15 minutes. Only one spectrum could be drawn at a time,

making comparisons of spectra a long and tedious operation. Furthermore, when

data were acquired from one interferometer, the other could not be used and no

calculations could be done.

Toward the end of this project, when it became apparent that one of

its major results was the application of our highly sensitive methods to

surface analysis, making it necessary to compare quite a number of polarized

spectra for just one analysis, a trade-in of the Texas Instrument computer

for a Digital Equipment Corporation PDP-11/24 with certain options could be

effected. With about ten-times the capacity of our old machine, this unit

will be able to calculate spectra while acquiring data and it will be able

to calculate emissvity spectra. It will also plot a number of spectra on the

same graph for comparison.



3. RESULTS

3.1 Trichloroethane Addition to a Traction Fluid

3.1.1 Polymer Formation

1,1,2-Trichloroethane is representative of a great many halogenated

materials used in cleaning bearings, gear housings, and other parts of

machinery used in modern aircraft. Chlorinated ethylenes have also been

used as scavengers for tetraethyl lead and as carburetor cleanants.

Since lubrication problems have been reported to occur often after

extense overhauls, an examination of the effect of organic chlorides

warranted our study. Since one paper on this subject was already

published and another was presented and is in the process of publication*

and since both of these papers are appended only the highlights will be

stressed here. Our views on the interpretation of the results have

changed over the time of the project; hence the following report is

somewhat different from our earlier ideas.

The traction fluid used was of commercial origin, but did not

Vcontain the usual additive package of anti-wear and anti-corrosion

materials. Essentially it was a mixture of polycyclohexyl derivatives.

Such fluids are now well known to transmit torque in bearings, but

without increasing wear. The mechanism of their action has been

explained by Winer [2] and by Johnson [3] and coworkers, but a de~initive

theory is still lacking. Winer regards a traction fluid as a 6lassy-

solid in the contact region, subject to shear deformation until its

yield point, while Johnson regards it as a visco-elastic (rubbery)

liquid. Our experiments showed periodic changes of infrared emission

from the contact region at low load and low speed, which were accom-

panied by changes in the fluid flow pattern about the rotating ball.

j * Appendices A and B
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(It will be recalled that the ball/plate contact is at the bottom of the

fluid reservior and that the rotating ball surface as it emerges from

the cup carries adhering fluid along). At the ball circumference contacting

the diamond more and more fluid would accumulate, forming a ridge or--

looked at from the side--a dromedary-like hump. Then the hump would

collapse. After a while, it would start growing again. Presumably

lubricant would "pile up" at the EHD inlet, resulting in an unsymmetrical

pressure distribution and hysteresis. Hysteresis is a bulk phenomenon

implying visco-elastic properties and adhesion of the lubricant.

The infrared emission spectra from the operating contact region

containing the traction fluid did not show many sharp and outstanding

bands but when trichloroethane was added strong bands at 990 and at 1600

-I
cm soon appeared, which are characteristic of olefinic and/or aromatic

structures. These same bands also appeared with the traction fluid alone

after prolonged operation of the contact at high pressure and shear

rates. It is likely that some chloride contamination was present at

all times. When the contact was disassembled after these runs a poly-

meric material (friction polymers) was found on the diamond surface.

Furthermore, chlorine was found on the ball urface and especially on the

wear scar under the scanning electron microscope, using the surface X-ray

analyzer.

Polarized infrared spectra of the traction fluid from the

conjunction region showed the emergence of the new bands even more

strongly, especially in the presence of the chloride.

The best way to explain the chemical changes in the lubricant

appears to be by an ionic mechanism along the lines of Kovacic [4] for

methylcylohexane polymerization in the presence of ferric chloride. Both
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aromatics and olefins are formed. The formation of ferric chloride on

the surface of our steel ball (440 C stainless) is certainly possible.

3.1.2 Changes of Film Thickness and Traction

In later work we were able to determine the thickness of the lubricant

(traction fluid with and without trichloroethane) film by a Newton's

ring method (51 and the traction (friction coefficient) with the same

apparatus and obtained the results of Figures 12 and 13. The film thickness

and the traction were lowered by the chloride addition, the film thickness

more so, the traction less so,as the surface speed was increased. The

decrease of traction by the addition of the chloride and the reduced

influence of the chloride at higher surface speed--and therefore larger

film thickness--would seem to point to a surface effect. In other words,

as the film gets thicker the surface contribution becomes diluted ano :he

effect of the chloride smaller. Indeed, this reasonin For a 1,krface

effect was stated by Rounds (6], who included polye-c ohexyls in his

study. However, the film thickness is reduced by the chloride addition,

as we have shown, and this effect is increased with increasing surface

velocities. Furthermore, in practically all instances, the film temper-

ature--which corresponds to our overall emission spectral intensity--is

decreased by the chloride addition.

We determined the viscosity of the fluid with and without chloride

addition (3%) by the standard capillary U-tube method at ambient temperature

and pressure and found no measureable difference. Polarized infrared spectra

j from the operating contact showed a higher degree of polarization when the

chloride was present, but no detailed stuey was done for the traction

fluid;it was for polyphenyl ether (reported in the next section).

e
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The apparent discrepancies could be reconciled by assuming a viscosity

greatly lowered by the chloride at the very high pressures occurring in the

contact. A lower viscosity would reduce the film thickness especially when

it is low and would reduce the traction and thereby also the film temperature.

However, since already a one percent concentration of the chloride had rather

large effects, it was difficult to explain the much lowered viscosity.

Two measurements were made which helped us explain the phenomenon, (i)

a differential thermal analysis at ambient pressure on the traction fluid

with and without chloride addition and (ii) a measurement of the glass trans-

itions by the ruby fluorescence method at high pressures in the diamond anvil

cell.

The DTA procedure showed one glass transition for the neat fluid but two

for the mixture (Figures 14 and 15) as the temperature was reduced and the

latter showed (alas it was done on a similar but not on exactly the same

fluid) two glass transitions and a phase separation for the mixture. The

latter work was done by a procedure we developed some years ago [7]. (The

substitution of low temperature for high pressure is often, but not always,

valid, hence the diamond cell work was undertaken). The results of these

measurements then would seem to indicate that the fluid separated into two

phases as the pressure was increased; in other words, two phase flow passed

through the lubricated contact as shown in Fig. 16. Two phase flow could

explain the large change of apparent viscosity at high shear rates and

pressures.

The project was about to end when we began to look into such two-phase

flow. Of course, this idea does not exclude adsorption of the chloride on

the boundary surfaces--we had found such adsorption--, but it could explain

all our observations, including the increased degree of polarization of the

MIE. 12 1
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emitted infrared radiation (increased shear rate). A survey of the literature

turned out to be very fruitful. The work by Chin and Han [8] just published,

contains photographs of droplets breaking up in a suspending medium under

conditions resumbling those prevailing in our elastohydrodynamic lubricating

contact (but at much lower shear rates). Figure 17 is taken from their work

The subject of suspended droplets under shear flow is very complicated. It

is important from an engineering point of view because of its role in polymer

processing [9].

3.2 Trichloroethane Addition to a Polyphenyl Ether (5P4E)

3.2.1 Lubrication Failure and Scuffing

Polyphenyl ether (5P4E, an ether composed of five phenyl rings linked by

four oxygens atoms) is an exceedingly high boiling fluid, very inert, which

is in the lubricating oil range and has been proposed for and used in high

temperature applications. Its room temperature viscosity (200 cs) is exceed-

ingly high. From the spectroscopic point of view, 5P4E is ideal because it

has sharp and strong bands whose corresponding vibrational modes are well

understood.

In one experiment the bearing ball which had been exposed to the traction

fluid containing 3% of trichloroethane (cf. Section 3.1) and failed, was used

on 5P4E. This stainless steel ball had barely visible score marks which

SEM had shown to be covered by chlorine. The result was rapid catastrophic

failure. The ball became very much more scored and the fluid brown and then

black. Analysis showed that metallic particles were dispersed with "carbon"

in the lubricant. It should be noted that the operating conditions of load

and speed had been rather severe. An infrared emission spectrum obtained

from the contact just prior to failure showed many band inversions and very

broad bands, which are indicative of very high temperatures. A possible

L7
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mechanism for similar failures had been proposed by Goldblatt[lO], involving

aromatic radical ions, acids, and resins. Some of the intermediate species

are aromatics adsorbed on the metal surface. An argument against this

mechanism can be made on the basis of non-anhydrous conditions. This

argument can be countered by the high temperatures observed. The real cause

of scuffing is still to be found.

In this connection it seems pertinent to point out that the reactivity

of a wear scar on such a stainless steel ball toward alcoholic hydrochloric

acid, for example, was found to be up to two orders of magnitude greater that that

of the rest of the ball surface (as determined with an interference microscope).

There seems to be little doubt that, once a surface reaction gets underway, it

can rapidly lead to catastrophe. On the other hand, a wear scar on a titanium-

nitride-coated steel ball does not seem to react and no scuffing failure has

ever been observed by us with such balls.

3.2.2 Polarization and Molecular Alignment

Figure 18 shows typical EHD emission spectra obtained with the present

apparatus. The Mode 1 operation spectrum shows the key bands at 680, 765,

965, and 1180 cm representing different fundamental modes of vibration

within the polyphenyl ether molecule. The linear sliding speed was 0.6 m/s

and the average Hertzian pressure about 1.2 GPa. When the chloride was

present the relative band intensities (Fig. 18) changed even though the

operating conditions remained the same. Most noticeably the 680 cm band

-1is less intense than the 1180 cm band when the chloride is absent (Fig. 18),

but stronger when it is present (Fig. 18). While the average contact surface

temperature was basically the same for chloride present and absent, the

average EHD film temperature with the chloride present was somewhat lower

(estimated at 100C). This difference would not account for the spectral

JA
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differences, however. The main reason for the spectral differences is

the different molecular orientation--polarization of the bands--produced

by the presence and absence of the chloride. Even though no polarizer

was used in Mode 1 operation, the emission bands are still influenced by

orientation of the transition moment; a transition moment vibrating exactly

in the direction of observation cannot give rise to electromagnetic radiation,

such as infrared, observable in this direction. The relative intensities

-1of the 680 and 765 cm bands are particularly sensitive to this effect,

since the latter band, representing an out-of-the-phenyl-ring-plane vibration

should become unobservable to us when the ring is oriented parallel to the

diamond window. It would seem that the presence of chloride is conducive

to this orientation (all the spectra are plotted "normalized" so as to

fill the available ordinate scale. However, relative band intensities are

significant, of course). The reduction of the relative intensity of the

765 cm- band by pressure and shear was referred to in an earlier publica-

tion [6].

The Mode 2 spectra of Figure 18 were obtained for three different phase

angles $, i.e. angles between the reference plane and the Hertzian conjunction

plane. Since they are all difference spectra--dichroic spectra representing

the difference between infrared emissions polarized parallel and perpendicular

to the reference plane--they contain rather sharp bands which can point up

or down and can only be interpreted by comparison of series of spectra. The

very fact that Mode 2 spectra could be recorded frcm operating contacts

is proof of flow polarization and hence molecular orientation produced by

shear flow. The velocity gradient in the EHD contact helps orient the

lubricant molecules along preferred directions. Stationary liquid samples
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gave no Mode 2 spectra; the difference between the infrared radiation

intensities polarized in two mutually perpendicular planes did not depend

significantly on frequency. (A small Mode 2 signal, which is nearly

independent of frequency, is attributed to apparatus error). In other

words, under shear flow the lubricant moelcules are oriented in the plane

parallel to the diamond window with respect to the flow direction as well

(i.e. in addition to being restricted to motion in this plane as described

in the preceding paragraph). The variation of band intensity with phase

angle allows deduction of the degree of alignment by the velocity gradient

in the EHD contact. Clearly, the presence or absence of the chloride--

one percent only--has a drastic effect on the degree of orientation.

This effect is more clearly seen by the schematic lines of Figure 19

for the 1180 cm- I band of polyphenyl ether. Please not that these figures

can be compared only relatively--only three experiments were run with and

without the chloride (it takes about an hour under full constant operating

conditions to obtain one spectrum). However, there can be no question that

the fluid is more shear flow-aligned in the presence of chloride than

without, for then the connecting lines are V-shaped already under less

intense operating conditions. Without chloride only the most drastic

operating condition produced the V-shaped intensity plot observed with

chloride; with chloride all of the intensities follow a V-pattern.

The V-pattern is largely a result of the lack of more data points, i.e.

more variation in the angle between the (arbitrary) reference plane and the

conjunction plane. Many more points were therefore obtained for a few

selected operating conditions. The plots of Figure 20 represent such

a study. Note that different spectral bands--corresponding to differently

directed transition moments--have maxima and minima at different angles, just
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as expected. Indeed the precise direction of the molecules as a whole

and the proportion so oriented can be calculated from these data--and is in

progress. These data were, furthermore, obtained with a titanium nitride-

coated bearing ball substituted for the usual uncoated (440C) stainless

steel ball. This thin coating made the ball surface about 50% harder.

(The coating was done in Dr. Hinterman's Laboratoire Suisse de Recherches

Horloger~s at Neuchitel, Switzerland.) There is no apparent difference between

the spectra with and without chloride for coated and uncoated balls! This

observation already constitutes a good indication that the polar chloride

additive has a bulk as well as a surface, effect. Very likely there is a

surface effect, but our spectral measurements are not sensitive enough to

pick up thin surface layers but are sensitive enough to see differences in

the bulk fluid. X-ray surface analysis in conjunction with scanning electron

microscopy has shown the presence of adsorbed chloride with both coated and

uncoated balls, perhaps more on stainless steel balls (no quantitative

analysis has been made). Tractions with titanium nitride-coated balls were

not different from tractions with uncoated steel balls.

To show the geometrical relationships more clearly, Figure 21 has been

included. The optical axis of our instrumentation is along the X-direction.

The shear plane, or conjunction plane, which is vertical in our experiments,

is the X/Y plane. An arbitrary orientation of the transition moment giving

rise to an infrared emission band is shown. In general, it would be inclined

with respect to the major molecular axis by the angle a as shown. Angle

and 0 represent colatitude and longitude in the usual way.

The model of Figure 21 has been used to show that the intrinsic mole-

cular dichrosim--measured by the angle a--is separable from the flow dichroism

under these geometrical conditions [8]. Since we do observe changes of our
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dichroic spectra with shear rates, flow dichroism must exist and, further-

more, be affected by the one percent (or less on occasion) of chloride

present in the lubricant.

The explanation for this behavior must be similar to the two phase flow

model proposed for the traction fluid in the presence of chloride.

3.3 Temperature Gradients Through EHD Films and Molecular Alignment

Evidenced by Infrared Spectroscopy

Since the published paper is appended as Appendix C, only a few words

will be said here. The shape of an infrared emission band is very sensitive

to temperature gradients in the direction of observation. Partial and

complete emission band reversals have been observed in the infrared

emission spectra from portions of operating sliding contacts. An elementary

analysis has been carried out to show that partial reversals are due to

temperature gradients in the fluid film--the film acts both as a radiation-

emitter and absorber, and that total reversals--an emission spectrum appears

as an absorption spectrum--are likely to be due to a continuum source, such

as hot solid asperities. The total energy radiated under the latter conditions

exceeds that under the others. A decrease in gap width with increased load

was accompanied by a dramatic spectral change in the case of 5P4E polyphenyl

ether, which is indicative of molecular alignment.
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4. DISCUSSION

Two instances of failure were studied spectroscopically, one with a

cycloparaffinic lubricant, one with an aromatic lubricant. Apparently

both were triggered by the presence of an organic chloride under very

severe operating conditions: elastohydrodynamic regime, shear rates near

106 sec - 1 , non-conforming bearing surfaces, very high loads. Ferric

chloride could have catalyzed the reactions leading to polymerization

and carbonization of the lubricant by ionic mechanisms well understood

by catalytic workers. The temperatures accompanying the failure mechanism--

which, of course, led to contact between moving surfaces with possible

welding and contact breaking--were very much higher than even the high

temperatures expected for this type of operation. It is therefore

possible that water and oxygen, which were very likely present in the

lubricant, though in small concentrations, were effectively squeezed

out, thus making the ionic reactions possible.

Since we were able to follow there failures spectroscopically, at

least to some extent, it does seem likely that metal/metal contact started

the process. However, some metal/metal asperities contact has been shown

to always be present under elastohydrodyanimic conditons. The key to

the avoidance of failure is a healing process, by which the asperities

making contact are worn off before they can rise to failure. When

the chloride was present this mechanism was interfered with. Reasoning

by an analogy with electrical contacts, where organic chlorides and other

halides are deliberately sprayed on to make contact, the key to the

mechanism could be the presence of a thin oxide layer on the metal

surface. Interestingly, titanium nitride-coated bearings never scuffed

in our experiences.

!.Wi
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It would seem to be almost impossible to avoid the presence of

chlorides entirely. However, ti-47 concentration could be kept

low and other additives, e.g. the well-known anti-corrosive amines could

be used to advantage in counteracting them. The observation that an

organic chloride could come out of solution under elastohydrodynamic

pressure and then accumulate in the contact region could mean that a

"solubilizing" agent could be useful. The literature is full of "solubi-

lizers" to keep oil in aqueous suspension, but almost blank for non-

aqueous solvents. A study along these directions could be fruitful.

Related to this idea is the observation of flow dichroism resulting

from molecular orientation undergone by every fluid we looked at. By this

mechanism fluid viscosity can be significantly decreased. The lubricating

gap is thereby reduced and failure made more likely. Since the orientation

must occur in the inlet zone of the contact, fluids that would be expected

to orient with difficulty would have an advantage. Indeed long chain

molecular species seem to have an advantage.

In addition to the above conclusions the work has been most useful

by helping in the development of apparatus for the study of thin layers

on solid surfaces by infrared emission microspectrophotometry. By picking

up the radiation emitted from a very small area (i) blackbody radiation and

intergranular scattering is much reduced and (ii) radiation originating

from transition moments normal to the surface can still be observed.

All-reflecting objective lenses of high numerical aperture are required to

introduce the radiation into an already very sensitive Fourier spectrometer

of high optical speed. The spectral contrast can be enhanced further by

differential point by point recording. In one mode of operation the source

radiation is compared to a blackbody reference exactly controlled at the

*.
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sample temperature and flux level and in another mode use is made 4X. the

fact that most thin surface layers are oriented and therefore polarized

and a continuous differencing process between signals in two mutally per-

pendicular polarization planes can be carried out. The latter procedure, as it

discriminates against randomly polarized stray graybody radiation would

seem to sensitive enough to allow the analysis of monomolecular layers.

These procedures have already been used advantageously in the analysis of

various Air Force problems.

I
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Figure 5 Wiring diagram of stepping motor control system
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Figure 13 Force of traction for polycyclohexyl (traction) fluid with and
without trichloroethane (TCE) additive at different average
Hertzian pressures as a function of sliding speed.
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Figure 14 Differential thermal analysis showing glass
transitions of polycyclohexyl traction fluid.

no additive
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Figure 15 Differential thermal analysis showing glass transitions
of polycyclohexyl traction fluid.

with 3% of trichloroethane (TCE)
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APhotographs of droplets describing the effect of initial droplet size on breakup
patt~erns [l I: wa. ib). and ici for a - 0.53 mm: id. ec) and ifi for a - 0.91 mm. The droplet
phase is a 2%, PIB iolution. the suspending medium is a --', Separan solution. and the apparent
wall shear rate is 39 i sec: - K The rheologiwaI properties of the liquids are gi'.en in Figs. 2.2'
and 2.3 isce Chapter 2t. From H. B. Chin and C. D. Han. J. Rheol. 24. 1. Cop% right 1 9(0.
Reprinted by permission of John Wiley & Sons. Inc.

B Photographs of droplets describing the ellctt of sheur rate on breaikup patterns
Il: tat. Ibi. and te) at '.-- 13.7se -' (d). (di. and tf, at -- = 102'.4 sec -'. The droplet phase is

a 2' PIB solution, the suspending medium is a± 2%, Separan solution, and the initial dropict
size is 0.68 mm. The rheoloitical properties-vf the liquids are gisen in Figs. 2.2 and 2.3 Isec
Chapter 2). From H. B. Chin and C. D. Han. J. Rheol. 24. 1. Copyrigtht ©c 19,0. Reprinted b%
..vrmission oliJohn Wiley. & Sons. Inc.

Sinop

cPhiotographs of droplets describing the effect of suspending medium %iscositt nn
breakup pattern' [l11): ial.ibiandici with a-"', Separansolution. f= 102.4sec''.a = 1.21) m
idi.iei. andift '.ith a 4.. Separan solution. =66sec1. a - 0.53 mm. The droplet phase is a
iw, PIB solution. The rheoiogical properti es of the liquids are &6'en in Fias. 2'.2 and 2.3 t'e

COapter 2). From H. B. Chin and C. D. Han. J. Riieol. 24. 1. Cop~right -. MO8. Reprinted 6,%
ermssion of Jonn Wile% & Sons. Inc.
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Spectroscopic Study of the Effect on an EHD Contact of
Trichioroethane Addition to a Traction Fluid

JAMES L. LAUER and VINCENT W. KING;
Rensselaer Polytechnic Institute

Troy, New York 12181

Addition of inclloroethane to a traction fluid w'as studied in a cessful in providing data on lubricant failure, primaril% be-

ballldiamnond plate EHD apparatus by infrared emission spectra- cause of the rapidity with which failure would occur-.

3rvp oJ the radiation transmitted through the plate. Smawll con T rich loriet hatie allowed the authors to induce failure at

centratons of an organic chloride at first icreased infr-ared ra- a rate convenient for study because it dleteriorated thle (1ual-

diance. then decreased it. Large concentratints caused a rapid itv of thle lubricant. Howev'er, the presence of' chloride is

decrease. During running, te infrared ipectrum shtowed anl in- also of practical concern because chlorinatedl solsents are
i ra,% ola omac) nd liins .4po~neic epoitfomedon he used in the field for maintenance. The work repoi leil here

prate Xora armatin of nthe ballyrice dsod o thsne shows that failure to remove them entirels het-ore operatuin

pf lt ' Ra euamnae of thie ball with feshofl ed th resencei can promote lubricant degradation with (isastious (0lse-

F Jiia hlin / Reue 1th iniaen alth adsrehlride e ouldi quences. Even when a complete lubricant change renmed
,nnlar~hai o evnt., idictig tat dsobedchlrid cold all the chloride in the bulk fluid. rapid breakdos n could[

pwMontc lla d,-tern'rnnon. 'still be promoted when the bearing surface was not thor.
oughly cleaned.

INTODCTONThis wsork concernled onls one conibination of miaterials.
A stainless-steel ball was used; other materials suc I as (oatetI

T he authiors have beeni studlving lubricant failure Untider mietals or nonmetals may b~ehiae (lifferetli. ()ril ite Iti-
elastohidiodx niiiic conditions bv infrared emtission spec, bricant systemn has been explored so far.it itse"lkl
irophotoitietr tv or a itumibe r of Yearis. For this purpose, a that ot hers will toit b~e t o differ-ent.

spec(ial baidianic I plate appar-atuts was built, which allows ()ill v thle infIra red results are gi Sen . Iie, i.1o,, [flt b111o
for thle analysis of the infrared radiation generated b% I'ric- ride ptonmoted oilefin fo(rMationI 1I% molecular brc-akdein n
tioti in file contact and transmiitted through the diamiond. ol the lubricant .as wcell as thle formiation of some aromtitiics.
A hihysensitive infrared Foirier iterteromieter with t The degradationi was self-catalh zing sinc e thle dlegtraded oil
tiroscope-iiilet sssteti was needed for- this work since thle is a poorer luibricant.
va.diavicsn sotirce is juist thle thin lubricant film separating

ball and plate under high loads. Furthermore. the effective APPARATUS
area of' rile i-ad iat ing film is Iimnited to) the Hertzian con tact I-lie aipparat us n as dlescribled in detail "Ii a receniit per
of, esselntialIs., to) tilie ar-ea over w hichi thle ball is flattenied (1. Hence. ottl)% af few potints ate repeated hiete %% hi i f arie
elastically- C:oping- 's ith these experimental problems prov-ed essential t'o r an tund~erstand~inlg of the data. Figurtes I andu
to be well1 worth'the effort. however, since it is this smiall 2) Show sclieniatic diagrams. A4 loaded steel ball tcl itet
%olutle (300 wn'I~ti). whtic h imust lubricate. Anv chemiical 052m)i -ttdaotaloioitl.xstI su l t

changes preceding breakdown of thle lubricant Ivtwould he c.07tit i s rtip ctaningth tea hfzttid atis ntrtce itsd

expectedl it) take place it the oil filni first andl compotunds ageitein a c p cntaindog tl tes biind Th e totslide

oc i beiai Whore t cile rauthd s liet-e I wor hawaisleentr vune filImi is formred in tile ofil between the elast ical Is flat tented

IIU brc a~~ il - W Ii t e era t u r re vts w h n ok state of ball an fl te cialini itd So rface. Tvpical film tfili( kntesses afte

th e ss l II a ti f i it i c ci etrat ie c haoen tatt t a e ifu 0.2 Itr fombr the i I used in this st uds. thle precise salues
r~t I brca t ii ie nieti raed onact itssa les sc- depetnding on loadts. li near sliding sd oifies anid te in peia-

ttiries. It is postsil e to dtleernie these-cl uc kiesse s h(i

Presented at the 35th Annual meeting phoiitoi crogr-aphs (if the in terfecrernce p.attvin uclist iit ccl
in Anaheim. Calfornia, Nes tns ringsv. To measilre film thlicknless. anl icleis itl

May 5-8, IWO0 apparatus was constructed so that thie itnfrare-c Netttl %%as



tile (IdtiinI twitttict of .lti~t 40'(:. Somte Ce(prrtijteIms
C ANTILE VER ARM ~~~were ccodutcted at aitbit-ni tentitt-rat tic. Ih cccc i

SAL tertloie sliettra si iwtel 0Iic detail hccactis (ditattcs-
B~u . iittld stidiis. Colitiocl kwas to 701.

STAINLESS STEEL All i'ra redl p1 , It/tg fillt i oti ist tng of pat .llkl it et al

ADAOD ~ BA ALstrips deposited oil a tranlspatrent KRS-i disk coiuld liet

TETvUc - - E placed it ctite opt ica path to tratnsmtit tat Iiat ion poo ci. ud

CO L M A O V ~ OCONTACT LI tl co ct ilin plante ot perpendic ular to it. Ii it, e tile

film dlatonsaarg ealet tdei slaes. i% th ttoleclc 0. ti tl pocc! 1 att

COLMTORMIRORbadsi coresntd dtoiole effetil occlttr n tor erti

vibrationalI tnodes and swill be oiisersable with a polarizing

I flther.
MIRROR

MATERIALS

- l~The flttid wsas at cottuttertial tt-actiott flutid. i.e. a flLtid
tran snttin ing relar iel h igh it -(pies.e Pries tworik b% Win.-

SHIELD7 ,!er and Sanbcirn (2). atnd h% Nagaraj. Sanborn and Winer

-~~~~ ~(3) has sho wnt this flid to produ( cce ihig her cc intact tent ipr-
at It-e~5 than it it o the cJo itin htigh- tent petattt e ittiri -

REFE. ~ ~ ~ ~ ELMEN CXMTRROOECants. Since it was essentialy f'ree of adicitises. and stnce lte
REFF1.CE X AATR TERMCOULEhigitertcetnperatctt-e was thoctgitt to itt- helpfuil ill a iailitte

Fig. 2-Intrared light chopper and Infrared reference arrangement sitity. it was chosent.

Ilie chlotiidec ottpjl inci was ccoitnettjuti 1. 1.2-1t it li c-

tnot dijsturbeid. The ball was loaded %eti- simtply by placintg thltti. iboiling at ahlti ii i( .. It was sepatated I oti iitt-

%its i c a lo ad ing plat lorni restin to in rolilers ott the track it wer-bciling I inmer andc ptif ied bv a si tntpie t tti tal

perimteter: i.e. roillers. El-ID m.otact and hail center are in distillation.

tite .,atne planle. %s Inch is perpend ictllar to axis oif ball ro Thle hall was mnade of" -140Ct) stainless steel. (it ex tita -lit

tat ilini. Ott I t ile £HI1 ccitttact Ifrictioin is significant. surfIace finish.- The plate was a I %pe I IA riia IIintl disk. i lic

[Tie sotlce oi ittifra reti radiat iont is thle hfertial enet-g% sante as in t ile att ltc it presitis it srk, It was spec ialls 1) l -

geitetateci b% frictioin itt the EH D cLcittacc. The radiiont is isited for Lis to I100t A st~niohies or better.

Ita nsinit tedl throuigh tile diaiotid wintdow, collected by a lite tratction iflutid %%as at ss It iet ic csclo al iphtit ic ic -

micro sco ipe object ise tlls niacle 01h of cirved mnir-oz-s. an c11 arbo n sutppl ied ti thle at itors withou it tmo~ st tit if t I il

passed into a Miichtelsonr ittterie-citteter (Foittier spectroni. addltitive package. Its sisc-tsits at 37.8'C was-I 3 1 <P - ,
eter) for attaissis. 'File chtipper-reie-ence arrattgernenc anid at 98.9*C 5.6 x Ii n-'Is. Ptir pint i5s -:i7-'(. den-

II itt It o% l-ti he t le lls is ve rN impo~crtantt. B s alcetnat ittgI ~. sitv at 3 7.8OC 889 kg r'nt. f lash itn ~it I 630C . litIe n 174 (

pa.,ittg blackbcicl referentce antd soiurce radiationt intto thle and specific heat at 37.WC 233 .1 l.K.

title lceti tteter. c nil% t (it e cretit e bletween soturce a ttd ref-. Thie 5 P4E refet-ted t ci it ne11 expetill It I~ a' a .1 t ti r;]'

ceeice sigtials is r-ettcrtlecfiand a discrete fittid entissit)sec. -lpeiiehr t ktsl t~.~ sa~~

tD tis obi1)1ained %%i i ith tiii minoar contii oitis backgrott od ni 'ls. and at 98.9'C I 3. I x l11 tt-) Tite ln stl -it :1 7. ~
* r~~adiaicn frotm thle solidi strfaces .- A erv sensitie Colasv 1( gr i h lshadptrpctt il ~~

prieuiltic cell is thle hteart of tile detector tarculitr-. whichl a1nd 4..1*(, respeitis-ehs

* ticl tndtices pitase-c c ked amttpl ifictat itn it.nalog/diigital cciet--

* 11)11. a dlCdtilClit i-il i0 t PLten toi trnt crnt tite Miichtelso n RESULTS
tttlr ior-dis1)iaceittelit %ertist sttttal-antipjiit title sca tt i nto .1

spectrttil of amliitud~e %ersNub wai~enttniber. These spetra Fluid Flow Pattern and Spectra
-fC it cioted ibs alt KY r eccindtr tespottcling to itmpt1 ter Sc ine ciiitiscia I hbas in was niow(! siih lte rtatzo c fctluctid
cc cIitttaitd. conly. At lows sliding spcecf and~ i~h ficacI the ilteat attc-

A% toll of alttntinttn tttiitg in tite cttp pertuittecl scater jilide of tile itielttgiarn shicwedi petiolic III anti

cccciijtL and Ititperuiitne cinttiol cd the flutid. lit miost cii dcct% [1 ii of*btut tirtic 1ilites durtatioit (Fig. 3' "ilu t. [lit-

tit(,w i repo rte-c here. ccii n tI aer temnpenal ire %ssts in teri'ertc grn Its a te c cd cf ite radiant cite rg' c-iltt Ini

tic-ari'. ma kinig lc i avae rage flid ITii tentcrat tire near lie ccontact as a itton (4ii ii ite i-fetc ieter m i rtltwc t dat-



Spectroscopic. StudY WI tile Effect oni an EHD Contact oIf Trichltiroethiine Add~itjion tor a [iractiofl Fluid 333

These phenomena might substantiate Winer's (4) and
Johnson and Roberts (5) modIels of a visco-elastic traction
fluid. Die authors' studies were interruptedI when the elec-
trc motor hurt tout because (if the high t ra t io.

EHD Spectra of Traction Fluid
3-fl'eISince thle traction fluid is not one pure compound bill a

mixture of various coniplex hydroccarboins, it is not polssible

to assign every resonance in tile infrared spectrum toa

particular mode of vibration or combination of such modes

toad an o pe.soigln-oidfluctuations. Fig. 4 are quite obvious. ile high-iad spectrumti is inich

less structured than the 1054 -load spectrum. Both contact

mnt t eeecrin niat mleprtr changes temperatures and pressures were higher for- thle foirmcr.

of' perhaps 0.5*C. The aperiodic modulations of the inter- Since increasedl pressuies are known ito increase spectral

feriigrant are caused by constructive andl destructive inter- contrast, but temperatures to de(rease it. the temperature
Ic-retice s% lien thle wave f , rs of' differentr wavelengths, effect is clearly1 tm nle i iii p it nt than thle lIrt'ssttre eflci.
which are separated lby the beamisplirter in the Michelson Three main emission bands or band groups are seen inl
interferonieter. are recombined at different tnirror tlis- thle spectra of' Fig. -1: (I1 the lands belmu 75)0 cm - . which
placeintts. The mean am plituode of the initerferograi is are (lefOrinat ioti niod es of pataffi iit tSid Ichlai ns. belo us
adwavs a constanlt tor at set of'operating condlitions for tile 63))ci-1 primaril% . C dleto rmitihirs andl ab1out 7'20

I,(i i at:t ieli ioicchngs ftismenamplitude, there- (-in- ihe CH..I icki ng~ ti uks: (2) the han t pe ta kin ni~tear
fore. itfll parallel changes in the temperature of the con 87I0-.))fcm - . which are C-( stretching and CII, roikiutg
tact. It miight be worth mentioniiig at this point that inter- modes of' saturated carbocvclic rings, arid 3:) thle bands

lejgrais re ourer ranfors o' sectai.e. in the peaking near 11401 ciii 1, %shich priuball relate to similar
audcir' cse reord o" sgna inenityverusinfrared modes of isotpara.iliriic grjupings. No bands ate oI, mbe near

rer-quencv. Considerable numerical data processing is re- 7) m-o er9) m-i iveit ie r sa n
tm-dto conivert intr-rerograms to spectra, btthis effort buiried in the biackground. Their absence is itioicative ofiicic-ssrs wtetidie mittd sinal evel areverylow, little aromatic or flefi iiic material iii lie flutid at thle beliit

Spec-tra tItus calculated fromt the interferogramis are ning of its use. for Fig. 4 was onie of the first spectra obitaiiied

shijti in Fig . 1 Ifre it is onl , inipotrtatit to point out that from the traction fluid. [For tile atssignmients see Ref. (h)]

Ii w - Iequte mttv base-I ite f luctuatiotns in tie interferogranis A not her po int worit nroting inl Fig. 4 is lie sI iii oI thle
(didf niot have Liiv, noticeable effect ott the spectra. Tile high- hand contours towardi higher frequtencies I was eiurbersl

load spectrum is less structured thtan thle low-load spectrum, with increased load. Close examtinationi of te ienue structurle

[lie irrterferograrii baselinte variations were accompanied ofI both spectral cuirves shows, however. tiat the '*-hillt is

bliv hariges o f flutid Hfos pat terii aboutilie rotating ball. It reali s an increase of" iiiteisit v of thle sutbbantds ( if' hiighier

%ill tue iecailledf tiat thie ball/plate contact is at tle bot~toin I rceicv. There are inrd icar ioi i'o the preseit i ti) ist0,

ti tile flu id resers iir anrd thfat thle routat ittg ball srface car- 4if thle low-load peatks in rile Iiighl-li ;d sped troni. t-spv, illIs

ri-u Ilienrig fluid %s ith it as it emerges froit le flu id. At~ between 800) and 1 200) ciii I- riSpectrta oft his nat ic, Somlie

lie b all ci rcuminferernce iii cnt act t it h tile dianiond. tmore f the secorda rv pea~ks -an iie aiscrnibed to dillfer-ett nifiltc

amin more flid wouli d accutoulate. fOrm irg a ridge or-
looi ked at from thle side-a drimedarv -like hip. I'lier the 1
liti iip %%itild Icoll a pse. After a whIiile, it wouli d start grow ing~ 0 9

-itn.tl nio pe ~sk-t 081.i, loIlirtitigliout tire experien - h otrset askp
utirstarit In electronuric regula t in. Whten thle load on tilie hall07

Iaintcreasel I, tlie peril (1icit v remta inred esse ita ill t t 06
Saltie. bilt tile I tartges ilt (tie iriterferograrin %%ere smaller. 05 ~ J

I'lle lileiiiirieiirt is chditillt it) ascribe toi tile tstiarI slick- 04 '
Stil inotior of efastiers pressed agaitist. a hard stirface 03i

tIlirdiiiirt, asperities lwcause the bririp change or of tile 02A;N

imit cr1en grain les elt~ rt h ge wstt sers rut rch longer t ianttile

liiol of ha~il irviilticior. flowevt it ciitild wsell lie related ivl
to, a -piut' il of liibniranr at the EHD itlet. resullting ill .1n 630 50 8t 99 10 1230
i ss rinniret rical p iessuire (list i ibti i t ro f n t vsteresis. iIss WA5'ENJMBER (CM-')

terr'sis is a bulk phiiertono imtplsirig visco-elastic proip- Fig. 4-EHO emission spectra of traction fluid under diftOrsit toad
ortivs an of adlhresioin ifthn lutbricanmt. conditions.
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ular coniformations, i.e. moleular structures differing only
in angles between interatomic bonds. NMolecules conitaininlg

saturated carboc %clic rings are especially prone to changes,4 z
untder plessu re or tension. to (onfin-rsat ml al fornis occu.

psizg diffterenit votlumes (7). (8Y).

0
Effect of Trichioroethane Addition on Infrared
Emission from EHD Contact

When trichloroethane was added to the EHD apparatus 5 ml chloride added
running at high load and constant low speed, imnmedliate_________________________________

changes were noted in the interferogram baseline. (Fh MIRROR DISPLACEMENT
interferosmeter mirror was noving normally for scanning.
Load and speed were such as to make the long-period os-
cillations rather small). When 5 mil ol'trichloroethanec were
added to the 175 mil of trichloroethane normally in the cup. _
the baseline would move up gradually, reach a peak, then z
decline slowh% (Fig. 5). Thle interferogram modulations, S

shown most prominently near the mirror displacement cor-
e51)onding to stationary phase for the recombining inter- 0

U
lerometer beams, become stronger than normal. When
15 mil of trichloroethane were added at once, the baseline L
also increased, but reached the level corresponding to the
maximum after 5 nil of' trichloroethane addition much I 5mf chloride added
more rapidfly, furthermore. the baseline fell back to its nor- MIRROR DISPLACEMENT
mal p~osition quite rapidliv and the interferograni modula-Fi.SCagsI ndeornontchrohn ddtn
tions were about normal or below normal in amplitude. Fg CagsI nelrga ntihootaeadto

It shotld be remembered that the fluid in the cup was
mixed rapidfls since the ball was turning. These changes of itniis0h1getronotaie mltds~ U-
signal level ire very similar to the effect on the heat of' wr rte ett h pca r~s hs o l h
absorption of the addition of a itrongs' adsorbed material sptainheirtolm ofFg6.he 3cm-hd

to a ',Urface covered b% a more weakly absorbed material.
It s 110S U111kIV li%% -eer.tha hat f asortio wold peak had a 'spectral response" of unit%. but the true rne.i-

It i mos un ikely h er , e tat ha g of ot i iwoul sureol am plitudes of this peak were 0.62, . 66ih. 0.611. an
be nticd byourinsnmenatio. Achane o coeficent 0.55 for trichloroethane concentrations of' 5. 10). 2). andf

of It i4tioin is more probable. 30 percent respectively. In the absence of trichloroethatte.
Iliese obiervations are consistent with results published the GUA was (0.58. 1The occurrence of at mainuiu (L.- A

bv Rounds (9). Rounds measured the change of frictional w t iresisgmiclor)ehaeoien atuishi0(1e

coI efficient as a functions (of chlorinated wax concentration ihicesn rclrehaecnetainsol i

in a tnumb~er of' base fluids, among them polycvclohexvl notedl. fIn the seconid columin of Fig. Ii. the dtfferenocs be-
deriaties.whih ae kownto e mjorcontitent of tween the corresponding spect rn in thc first coIuin .11d

trati ets. whhe onw thao oe morh ctou povcvcof the EHD spectrum of' the pure traction fluid under the
tracionfluis. e fund hatforone f te to poicylo- same condlitions (high-load spectrum tof Fig. -4 were plot-

hexvls hie studied, the coefficient first increased with con- td ncluaigtedfeec pcr h culapi
centration (Fig. 2 of' his paper). reaching maximum near ld ncluaigtedfeec pcr h culapi

'1.25-percent concentration, and then decreased to a valtie tde.i.nothnrmled00toI.aplues er

below that if the base fluid. At the same time, the chlorine used.

contenit in the surfaice laver changed similarly, i.e. increased Thle outstandling changes with chloride addfition are the

tit maximum, then decreased. Rounds did~ not emhsz new bands shown at the frequencies tmarked h% the arios
thisobsrvaion preumaly ecase t ocurrd oly ith in Fig. 1. They are shown more clearly in the dlifference

spectr thanaton insm i theus orgit spectred onnd cwiitoftwthn
on of his traiction fluids and not with the other. Overshoots spcrthniteoigalpcrandosstf onu

of srfae cncetraionprir t th esablshmnt f eui- bands, one at 700 and one at 9901 cm - . These bands hardy
of srfae cncetraionprir t th esablshmnt f eum- showv at 5-percent trichloroiethane concentration, but are

Iibiutin are often observed in adsorption experiments as a quiite prominent at If) percent and higher. At 20 percenit.
result of' itnitial temperature changes. the 990 cm-, band is not clearly obsersed because the peak

folded back on itself (peak inversion). Peak emission in a
Spectra of Traction Fluid Containing Trichioroethane hotter region of the fluid is reabsorbed in colder regions.

When various amounts of' 1,1 ,2-trichloroetliane were However, the authors' interest is in occtirrence of' the !ieo%
aidded to) tie traction fluid, some interesting changes oc. hands. rhes are not trichloroethane bands. bUt .mppear to)
curred in the spectra of' the 6301231) cm- wavetiumber correlate well wsith most olefins and aromatics (the strotwest
region (rig. 61 For comparison of structural detail. all these trichioroethatse bands due to chlorine are at 730 cm - , amnd
spectra were drawn on an ordinate icale of 0.0 to 1.0. In below 701) cmn

isr~er to avoico losmg info~rtmation relating emission band Figure 7 is a comparison of spectra obtainied with the
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Fig. 6-EHO spectra of traction fluid containing various amounts of WAVENUMBER (CM')
chloride. b) low speed ihigh load

c lear I rai. Iion (ilidh and With il hlid con aiing 1 5 percent

II ~ihiot( (let hanIle lbV\ 0vole. The experimients were mnade

it) a51endiin g Irdr r i.e. W), a . h). and it. The folliowing o)1)-

SCI11ers a in be mi ade w hen comnparing the solid line (no

it~i I II, [lii[ICI 1 i e bIIroken-i ine (wi-till trichioroethiane

sixl Ira: *1~
(;ifI-lie ( U.-s ofI thle hrokeit-line -spectra aIre C.11.i to) V \P .37 -

mi d~ IIii iit 11sC of tile corrresp)ondiig soliid-line spectra;. l '3 --

File iadiato it ten sit\ fr1n thle fl uid wats. therefoire. gen-I I I I

eralis less %%hen , hlor ide was present. The (;LA is partic- 630 750 670 990 1110 1230
tiliriv Iiiw in tire larter runs with the chloridle. evenf though WAVE NUN BER (CM-1
thle fluid wast- errtuckl replaced alter ever'- ruin (niew% fluid 0') high speed ,low load
fo r eve iv rui l H I hs bert at irIt led itis tol suspect than ges

on i alil suilice iltijirighr Ill *,Witchts were evidlent.

(i The bandr~s at 70(11 cin , ad especially .90 c-n - Ire

nion e ipro(rli(ltied in tile hrrker-liie spectra. 'I ri~lhioro-

et i ie. sij-!u-s peatk. (ics ciie t h Iese h and~s.

(Ill ii, k ite List spettruins of tire scries and hras thle11V

Spectra of 5P4E (Polyphenyl Ether) for Bearing BaillL5
Run in with a Different Lubricant 630 750 670 990 1110 1230

Simre ilrr,'ilc ciride e oeinlbrtnv is- WAVENUMBER (CM'I)
MVri, sr ll lirlrrict~iiitgl iri - 0' high speed, high load

litnesC5 mtid sinice R(onifl, M9 il-i tiiitei oril itrtionii
Iretscci liide. antd~ ,iirtrratic-lrase lliri. thle .liii hots Fig. 7-END spectra of traction fluid both near (solid line) and containing

I S-percent trlchtoroethene by volume (broken tine). All spectra are nor-
ltlllItLtt1 I vitt or%(tile 1() rise tire hrail o ilte prteceditng rx malized to an ordinate (spectral response) scale of unity; however, the

f4it ehotSI.tr u reniehrlrl.At i greatest unnormalized spectral response (GUA)Iis given for' comparison.
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emission spectrum of' 5P4E obtained previously under the 10 --

same fiigh-Ioad/higls-speed conditions now used is shown 09, 1AW 6

by the solid line of' Fig. 8. To the authors' surprise, the as -
emission spectrum now obtained was quite different (bro- z I
ken line). The GUA was much lower than normal, the char- I

a 6 I06- 1
acteristic 700 cm -band apparently bx:ame a sun of bands I

4 05.I'now, considerably broader than normal, but-nost impor- M '

tantly-the series of' bands between 870 and 990 cm - Iwas 04.11 iI
0- 1 1 11

not at all characteristic of 5P4E but resembled those of the 010 3r A I,
traction fluid containing trichloroethiane which the authorsI

02- il
had seen earlier.[Since the system had been cleaned with solvents before01
the fluid was replaced, the ball surface, having lost some of' 630 70 870 990 110 1230
its polish, seemed to be the responsible agent. Yet, no ob- WAVENMER (CM-')

vious changes were noted. Fig. S--1I40 spectra of 5P4 potyphenyt other with a clean ball and withI'In a further experimet, the 5P4E fluid reservoir was a bail containing absorbed chlorine on its surface.
maintained at roomn temperature (all previous experiments badt160c- .Wiehe27 180rn-Iegowsreferred to were done with the reservoir at ice-water tem- hn t10 m.Wiete17-8( 'rgo a
perature). The EHD spectrum now resembled that of the run only with the neat traction fluid, where thle dlecoipo-

last traction flutid conltainting trichloroethatie, sition was less than when chloride is presett Fig. 9 shows
After this run, the system was taken apart. The bearing a band at 1 60() cm 1, significantly in spectra obtained under

contact had failed. The ball was somewhat scored and the The potressne. 'hoiepooedti eopstol
fluid contained a suspension of black particles. Thev were '[epsneofclrdprnitlthscitipit(i.
analyzed l'errographically and consisted mostli of metal. ptesttmablv b%, thle formation of* a free radical. An arottlatu

fluid. such as 514E. would be partio fatly %uscepible tn
Scanning Elecitr Mlcr'scope and X-ray Analysis of such attack.
Chloride-Treated Bearig Ball The 1604) cm -1 band is more prominent under pofari-

While sonie scrattn marks were evident on the ball, thle zation niormal to thle con junction line than Uinder polari.
ball (lid i, appeir (t or vt!iX' different from a tiew one Iation parallel to it (Fig 1)."[his could bie dlue toadnsorpt) iii

e140C-stain less). Ot cdo ter examination, the polish ap- of tie olefin forntted on the ball stirf ace,

peared zo be somjewha-t less. [lie redtuct ion of' (fhe ( iA's with find deterira iiloll I..

Under tile scannling electron microscope (SEMk small probahlv caused h% a reduced icilectivits oif tile hall surtan t

sciatches were seeni at 20(IX magnification. This instrumenit antd coating of'the dhiamnidiu. SLuch an1 effect could ser iousls

also has anl integrated X-ray attachnient. It is possile to alter previo~us temperature estimaies %%here the ball reclle-

dir'ect an electrnt beamn at any location Of the enlarged t asit wits conid er'ed const atnt. Fl'le in tet fen igrato chianI ges

image visible ott the scr'cen and obtaini anl X-ray dliffractio occurrintg onl t nc hiorov hane addit ion seein %er% intti Iie-

patterni off'that spot. Whetn the scratch was thtus analyzed. la tedl to adsorption ontile ball and other surfaces.

A.the X-ray pattern showed peaks characteristic of chlorine As pointed out earlier. Rounds ((I shossed that a Nnal

atiu somie Other nonmetals such ats phosphorus in trace coticenti-atiuin of' a chilorinated wsax iii one oif' his trat tiu

amiounts, but not of any metal. Locations on the ball surface fl uids iticreased tnictiuin'-r traction-aiu a larger i.(oticeit-

awav In ati the scratches gave rise to X-ray peaks of iroil. trillion decreased it. I ndled, sonie of ie itliors' expert-
chroiniuni andl nickel, which were very weak compared it) metits cauisced traction to increase when trichloroethaniewa

those of1' a fresh ball. From these results, a surface layer added. Becaulse Of .1 comment by thle refetree that chloride

thickness if abiout otte mnicruometer wsas estimated, based'on additives %%ere ktiown ti) decrease tractioti. for- which thle

the assumption of' the presence of iron chloride atid no authors are gratef til. tile au1thor'S re'enlts% carried Out .1 se-

other niaterial iii(the surf'ace layer. This estimate is to he ries o)1' tmeasuriements iii a separate fii siitilar appiiaal 1.

regarded good toan ordler of' tnagnitude otilv. 1'hev found both increases atid decreases. hot lisik tfile
tO latte r at higher concenlatiitis.

As a restilt of this investigation, thie following picture

DISCUSSION AND CONCLUSION appeairs to etnerge: (.hangcfs of EliI) elnissiiun spelt 1.1 o-

servable with the authors%' .iI)IarattIS MoSt either occur %ens
Fit authors believe to have shown a histo ry 1)1'lubricam ra pidl s and repet itii v oil everi' rotatiton of tle baull on lead

failure. Under high EHII stresses, the traction fluid itself", to an adsiirbate remaining on thle hall surface. Anadol bate
bun( more so th trichloroem hane added, starts to break of clo ride on tile hall sit tf-ie ot i a . siirbatt c onsiiing

dowin by py rofvsis. The standard mechlanism is: long chain tof' react ioni pri il n is lrii 11 a reau i ion (at a Is edl h lie
sat uratedl fivdhrocarI i~n - olefi ns + sho rt c hainis satuiirated in thle liase liif .iitt Itl Ixern %%ell i et Icc traiion Inw clhanlginiig
lt~lt' carhi Ils atitt aromat ics. The 990( cit Ifhand has bern itle %et illz g ha ract cost ic: of I ir so h 'ice. A, t esti t o~f tile
connsideed vii d-fitiitisc evidenice of olefitiic structure iout- referee's conliment . Ihe alithIi rs Aso Iticasuied l a ttii flt
of-p~lale C-li). It becatne muore altt([ itre promntent III sutc- aI 2..s-peicetit clml'etllaiiton oftihc.icl~i in thle miac-
cessive rolls. 11 is usually accotimpatiietl (61 by another Olefin W-1p,,, w isai l'iI-imy lIi. 1Ill ,'I tile' N-
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W 138 1600If, as it seems likely, the C-Cl bond is adsorbed perpendic-
Z 1.0.ularly to the metal surface, its change of' dipole moment
0 would be mainls' directed along the optic axis of the authors'

U) .8 POLARIZED 1. instrumentation and its radiation, by the antenna anology
W mentioned earlier, would be largelv unobservable. For this

reason, adsorbed C =0 could not be studied bv infrared
CL .4emission until Greenler (10) discussed a method of obser-
I vation at near grazing angles. If this model is true, an in-
CL crease of the numerical aperture of the authors' objective
U) 0 lens (Fig. 1) would result in the appearance of' the C-Cl

1275 1447 1620 1794 band. C-Cl contained in the bulk traction fluid of the contact

I I Lone is also likely to be oriented similarhY by shear and,I therefore, about equally invisible.
The absence of a trichloroethane band in the emislsion

spectra is. therefore. consistent with the model of the con-

Z tact in which the solid surface is altered by adsorption and
0 8NOT POLARIZED the traction fltuid is highly oriented.0.

U)
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(0i ;rcenletR. .Inml nAei Sttid% ol Atdsorbed NI. liles n NICnal ti -oul ts ?e t the Id 0 ha di'n background. Fhe only such hanmd l,;wcq In Relict itn Techniques.' I t h,,. Phiv,.. 44. pp :11 t-.( I
i hle s pect ral regio n stutieid is located around 750) Ca Pn. 161.

DISCUSSION sophisticated spectral techniques to study fluids in an EHDI
F. S CLRK (embr, ALE)contact. Their new data reveal initeresting chemical changes

F.sant CLAKomny ALE in traction fluids in the contact and show tegradlative ca-
MonsntoComanytalysis by organic chloride contamination. Our discussion

St. Louis, Missouri 631e3 f'twtses ontenature of these degradtosadhwhe

loi this interesting paper, the authors dextendl their use of' might occur.
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We feel that the contact reactions of the fluids typify This discusser hopes that this paper represents a
ionic rather than radical mechanisms. Radical halogenation beginning of a series of experiments using this spectroscopic
of cycloalkanes should give haloalkanes. However, substi- technique. There is considerable interest regarding the ef-
tution under ionic catalysis and subsequent reactions (elim- fect of dispersants, detergents, antiwear additives, and
ination, rearrangements) would produce the type of chem- other surface active species on the lubricant and lubricating
ical changes seen. In particular, ferric chloride catalyzes process.
such processes. For example, at 70°F it converts I-methyl-
cyclohexane into a partially aromatic polymer and 3-(2-
methllcyclohexyl) toluene (Al). The methylcyclohexane
serves as an excellent structural model for the traction ALAN BEERBOWER (Member, ASLE)
fluids; unsaturated intermediates would account for the University of California
olefin spectra. San Diego, California 92093

Likewise, arylethers would interact with ferric chloride, The authors are to be complimented on the development
possibly by initial complexing of the rings or oxygen at ionic of a very elegant technique for probing the events in the
sites. One conceivable product from cleavage of the oxygen-carbn bnd s ti- r ttrasubsitued ing. Ateratiely tiny but intensive reactor called the "concentrated contact."
carbon bond is tri- or tetra-substituted rings. Alternatively, Since these limited experiments have revealed so much, itferric chloride can induce polymerization and crosslinking is hoped they will proceed to explore other lubricant svs-
(increased substitution) of benzene (A2). Do the authors
feel the catalyzed changes in the 5P4E spectrum (Fig. 6) The authors describe the base oil as a " ccloal-
could result from crosslinking or highly substituted aryl iphatic" under MATERIALS, and give some physical prop-
rings? . erties. Matching these by calculations using previously pub-

Two final questions: Can the authors state how long their lished methods (CI) indicates that the structure probably
rig would survive running on 5P4E without halide contam- is several fused rings with about three methyl groups. How-
ination? An unformulated polyphenyl ether should not eas-

ever, under RESULTS, they attribute the strong hands be-
ily lubricate stainless steel. Finally, what loads were used inthese experiments? low 750 cm-1 to deformation modes of paraffinic side

chains, and near 1140 cm-I to similar modes of insopar-

REFERENCES affinic groupings. Then, under DISCUSSION AND CON-
CLUSION, they describe the "standard mechanism" of pv-

(Al) Kovacic, P., Morneweck, S. T. and Vulz. H. C.. "The Nature of the rolysis as requiring a long saturated chain hvdrocarbon. Do
Methyl,.vcohexane - Ferric Chloride Reaction".J. Org- Chem.,28 (10). the authors have inside information on the presence of such
pp 2551-4 (1963).

(A2) Kovatic. P., "Reattions of Metal ilalides with o)giit Compounds". side chains, oi- do they consider tile hands to bie unalnhig-
Svnmp. on Aromatic Hydrocarbons, Div. of Peir. Chemn.. ACS Atlantic uous evidence?
City, September 9-14. 1962. The authors refer to the events which they observed as

"adsoption," implying reversible physical or chemical at-
DISCUSSION traction to the surface. However, it is quite evident that
BERNARD A. BALDWIN (Member, ASLE) strong irreversible chemistry is taking place. Their com-

ments would be appreciated on this hypothetical sequence:
Bhrllpetle m ho.a 14-The 'H 2CI-CHCI2 is adsorbed on the metal (as a
Bartlesvlle, Oklahoma 74004 Lewis acid), -Lewis acid),

The authors are to be congratulated on a well-written 2-It reacts with iron to produce FeC12 and vinyl dlilo-
paper describing experiments on the effects produced in ride,
lubricants by surface active molecules. 3-The FeC 2 acts as a catalyst to dlehydrogenate naph-

Couldn't the question of band shifts and GUA shown in thenes to cyclo-olefins and aromatics.
Fig. 7 be easily resolved by serially repeating the high-speed. Probably the vinyl chloride would contribute to the pal-
high-load test as a fifth experiment? If the arguments given ymer. Step 3 is analogous to the process b% which most
in the text are correct, the GUA should be much lower than unleaded gasoline is produced, where the naphthenes are
the original value of 0.58 and the spectrum should look dehvdrogenated using chlorinated platinum catal'st.
more like the low-speed, high-load spectrum than the orig- The authors state that 5P4E would he "particularly sus-
inal high-speed, high-load spectrum. ceptible to such attack" as that described for hog chain

It would be interesting to see a comparison of band shifts saturated hydrocarbons. Would tiley% please clarify how this
betseen static high-pressure experiments and the dvnamic can he relevant, since 5P4E has no saturated atonis? Perhaps
experiments perforned here. Such information could aid the aromatic radical anion theory published by Golhlblatt
in tile interpretation and band assignment of the spectra. (C2) would be more appropriate, since it accounts |or the
lrobablv one of the largest differences would be in the catastrophic ftilure noted in the final experiment.
pularuation which might establish whether the molecular
orientation is due to surface interaction or a (1vnanic phe-
noneta. Another interesting technique would be the use REFERENCES
ol perdeuterated solute to help resol e solvent and solute fif) iBerhowcr. A, "Ft ironmen:. i ( , .phialt of t.sitai I Ulti .1 nh.' in
cotnttibtitions to tie entission spectra. lntrduciphnarv ,Approafh io I iquid Lhrnrant I'rhsohs~. N.\ sl'til ,



Speti'o r' pic Study " he lfflect oil an EHI) Contact mu ilhh.tJt. Addhtn It a Tlracio nhlI Fluid

SUlw'rmmlt'uttt'u thl n. unibt. U S. tmwrnnwrn, Prinnnm )ilttie. high-pressure lianiotd anvil cell under static (.miiditloll%
W-mlgi , 1), 20'0.

, 
Ed. Ku. I'. % .1 p . i36-4132 (1 97) )

11121 (., llJI . I L..." M-1.I hir I hi. I .nl,.tli, Itmn uihav r ofl I', d eh similar to thoase entcunn et I iil inur Ihtll/plair a)pal.itils

Awumub." Ic.E P,.i. Ro. Dev.. 10. pp '7a)-278 (1971). under dynamic conditions. Under static cotidititiiis piesule
increases will shift most of the bands towards higher Ire-

AUTHORS' CLOSURE quencies but temperature increases shift them toward l, mer

frequencics. However, temperature elects geuierallh out-
The authors thank the discussers for their kind and con- weigh pressure effects. The other comments by Baldwin

structive comments. Since some of the questions occurred are also well taken and we intend to follow up oin them.
to us shortly after this paper was written, we are now in a One of the main reasons the experiments suggested by
good position to answer them. Thus we are now in basic Baldwin were not carried out are the long times required
agreement with Clark and prefer an ionic mechanism over for every experiment and the even longer prelparation
a free radical one, the reason being our recognition of likely times. The expected availability of a second inerlerniciem

and unavoidable chloride contamination of the supposedly should accelerate our progress in the near fuiure and make
neat traction fluid. The neat fluid (specially supplied to us it possible to explore Baldwin's suggestions.
without the usual additive package) reacted similarly to Beerbower is correct; we should attribute infrared bands
the chloride-containing fluid, although very much more to naphthenic rings and side chains which have similar res-
slowlv. We are not sure whether our experiments were car- onances. The slip occurred because of similar work on par-
ried out as anhydrously as those of Kovacic et al, to which affins carried out at the time this paper was written. The
Clark referred. Perhaps the continuous operation on the remainder of his comments are similar to Clark's. Yes. we
sane recirculating fluid would itself lead to a removal of agree that the aromatic radical anion theory of (oldblatt
possible traces of moisture. Our loads corresponded to 400 is a likely explanation.
t) 600 %IPa average Hertzian pressures. Our work is continuing and we hope to be able t) report

We should have mentioned in our paper that we have results on other lubricant systems in the not too distant
been running infrared spectra on similar materials in a future.

.
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Alignment of Fluid Molecules in an EHD Contact
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Dichroic infrared emission spectra have been obtained from an portional to concentration would seem to be bulk effects.
operating elastohydrodynamic contact under conditions showing Polvphenyl ether also has torque-transmitting properties
unequivocally that the molecules of the fluid are aligned under and has been studied by many investigators because of its

shear flow in the bulk of the fluid and that the extent of the align- very high temperature stability. This fluid has been var-

ment is increased by the presence of an additive in a small concen- iouslv described as viscoelastic, plastic. as ssell as glassy.

tration. This work applied particularly to poyphenyl ether and to The behavior of polar additives in lubricants used in the
region of boundary lubrication has been generallv ac-

1,1.2-trichloroethane as the additive, but similar results have been counted for bv surface adsorption in the Ilards and Bo%-

obtained with polycyclohexyls and the same additive. The obser-c: den-Tabor theories. Similar adsorptive behavior iw'iuld be
vation of two separate glass transitions for the polycycloheyl so- expected to prevail under EHD lubrication as well. How-
lution is an indication of the occurrence of a phase separation in ever. Okabe and Kanno (2) were able to show that the ad-
the Hertzian inlet :one. A model has been developed to explain the sorption theories for boundary lubrication were oversini-

effect of these phenomena and their relation to traction. plified, for wear preventiol continued to improse for
solutions of squalane containing polar addlitises as the ad-
ditives' concentrations were increased well beyond those

INTRODUCTION required for the formation of monomolecular lavers or evetn
The state of the lubricant in an elastohydrodnamic a few layers. Furthermore. -ear preventiom did nqt vor-

(EHD) contact is still largely unknown and a subject of active respond to measures of the adson-ptivitv of the polar groups
research. Is the lubricant a liquid or a glass or a composite so that a mysterious "structural property'" atquired hv tle
of both? What is the special property of torque-transmitting bulk lubricant as a result of the presence of the additives
(traction) fluids? Winer (1) modeled them as glasses of rel- had to be invoked. The modifications described Ib Rounds
atively high yield stress in the Hertzian contact region. He (3) of the so-called susceptibility toward additives. which
measured these yield stresses in separate experiments and was found to result from the presence of ertain other ad-
calculated the observed traction coefficients from them- ditives in particular fluids, are another exatple of the fail-
a remarkable achievement. However, he did not attempt to ure of accounting for concentrations of minor consituents

correlate the chemical structure and physical properties of in contacts solelh bi adsorption on the metal urfaces.
these fluids with their behavior in concentrated contacts. While our Fourier emission microspectrophototneter (4)
Our own work has shown an almost exact linear relationship has been shown to be capable of the extremely high sell-
between traction coefficient and traction fluid concentra- sitivitv required f r aalvsis of EHD c-ontact legions, it can

tion for traction fluid/ester lubricant solutions. vet very hardly be used to analyze a few molecular la% ers of lubricant
sharp decreases of traction for only small concentrations of additives on strf aces i tile presence of bulk fluid. Eel tie
some additives such as organic chlorides. A large effect by addition of the differential polarization adapter described
small concentrations of additives would seem to require at in this paper proved inadequate for this task. Yet. together
mechanism by which these additives are concentrated in the with glass transition meastrements. it did help us find a
contact region. Adsorption on the bounding surfaces would bulk fluid effect in the contact region, which would seem
provide such a mechanism. On the other hand. effects pro- to go a long was toward explaining the "msterious struc-

- tural property'" acquired by the bulk fluid as a result of the
presence of additives. Namely. the additives help change

Presented as an American Society of Lubrication Engineers the orientation of tie bulk fluid molecules. %shich is pro-
paper a the ASLE/ASME Lubrication Confheee In

New Orliana, Louisiana, October1 4-, 10i duced by the high shear rates pievailing in EHD contacts.
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-They may do that by initiating separation under the high per by a polarizing disk rotating about the optic axis im-
contact pressures and cause two-phase shear flow in (he mediately below the lens. The disk consists of a plate of
contact. The hydrodynamics of the situation would also infiared-transparent Tt Br + TA (KRS- 5) on which par-
seem capable of providing an additional mechanism to ac- allel bands of aluminum. 0.4 I.m apart. were vapor depos-
count for an accumulation of additive in the contact region. ited. The disk is driven at constant speed bv a stepping

This work has led us to a new model for EHD and bound- motor and a belt/pullev transmission, the angular speed
ary lubrication in the presence of polar additives, which being half that of the chopper frequency At every quarter
includes bulk, i.e. not only boundary surface effects. As a turn, therefore, the radiation transmitted byv the polarizing
valuable by-product, this work has provided us not only disk is alternatinglv polarized parallel and perpendicular
with means of analyzing very thin EHD films in operating to the (vertical) reference plane, which may be coincident
bearings but also with means of analyzing very thin organic with the Hertzian conjunction plane (the vertical plane con-
layers on various surfaces, deposits on heat exchanger tubes, taining the ball/plate conjunction line and the midpoint of
for example. Our new model is also consistent with the the bearing ball) or make an angle ip with i,. The angular
observation of drastic reductions of traction coefficients by position of the polarizing disk with respect to the reference
small concentrations of polar additives, plane is determined by a lamp/photocell pickup above a disk

attached to the pulley, which is painted with white and black
EXPERIMENTAL sectors. The angular position of the pickup pointing to these

sectors naturally determines the reference plane. The signal
Differential Polarization Infrared Emission Fourier ffrom this pickup-or the corresponding reference signal
Microspectrophotometer for EHD Contact from the tuning fork chopper-provides the reference for
Spectroscopy the lock-in amplifier so that only diff"-ential signals are

The basic setup of our Michelson interferometer, which amplified and recorded.
we modified from a far infrared absorption instrument to For example, under Mode I operatio. Fig. I(a)], the
an emission instrument for the 4000 to 50 cm-I wavenum- polarizer is removed and the differential signal (I - lb)

ber region, was published before (4). However, the emission corresponds to the difference of intensity of EHD and stan-
attachment used to collect the radiation generated in an dard blackbodv radiation, which iahernatingly reflected r.
operating ball/diamond plate sliding EHD contact and into the interferometer by the chopper tines. Under Mode
passed through the diamond window was substantially 2 operation [Fig. i(b)], the chopper is removed and the
modified and requires a brief discussion. Figure I shows a differential signal is the difference of intensities between
schematic diagram of this apparatus. The ball/plate contact radiations polarized parallel and perpendicular to the ref-
is located at the bottom of a cup containing the fluid under erence plane. This mode of operation provides dichroic
study. The (0.057-m diameter) ball is rotated in this cup by spectra. Mode 3 operation is the same as Mode I operation
a shaft located in a horizontal plane, but since the ball's except that the polarizer is inserted into the optical path.
contact above the diamond is kept constant, the motion is but without rotation. The orientation of the polarizer can
100 percent sliding under fully flooded conditions. The be set to any angle with respect to the reference-or the
bulk temperature is kept constant by a coil of tubing Hertzian conjpnction-plane. In this case. the preferred
through which thermostatted water is circulated. Measures way is to set the poltrization plane parallel or perpendicular
of the temperature at the diamond window and of the fluid to the Hertzian conjunction plane.
in the cup are detected by thermocoples. The infrared Mode 2 operation provides the maximum sensitivitv since
radiation produced as a result of the viscous friction in the randomly polarized blackbodv ,. grevbodv radiation is
lubricant is captured by a lens, consisting entirely of eliminated. It also provides unequivocal proof of polari-
reflecting elements. Originally. this lens was of 15 x mag- zation or alignnent of the dipolar transition moment caus-
nification with a numerical aperture of 0.28 and a working ing the observed infrared emission bands and. converselv,
distance of 22 mm. The Field of view of that lens was of permits determination of the orientation of the molecular
1.25-mm diameter, thus covering more than the Hertzian species of the sample from which these bands originate. In
area even under our heaviest loads. By replacing this lens the particular instance of EHD contact radiation, these spe-
bv one of 36 x (numerical aperture 0.5. but working dis- cies must he contained in the bulk fluid since the sensitisity
tance only 8 mm) a substantial gain of radiation-gathering of the method has. so far. not extended to less than about
power was achieved (effectively a factor of three) even 30 molecular lavers.This statemeit applies to the EHD inlet
though-or because of-the diameter of the field of view temperattres of 40' of this paper: the sensitisitv at higher
was reduced to 0.5 mm. The reason is that the temperature temperatures is likely to be better so that fewer molecular
in the Hertzian area is not constant, but rapidly varying. layers could he analhzed. Mode 2 operation is limited to
Accordingly, the lens with the smaller field of view can be polarized bands. i.e. not to the comhination frequencies
aimed at a portion of the Flertzian region. which radiates ascribable to a number of transition moments of multitti-
more intensely. The smaller working distance of this lens dinous orientations. Since our Mode 2 spectra are dichroic
and its smaller depth of field required some mechanical spectra-representing differences of emission intensities
modifications, which were not difficult to accomplish, polarized parallel and perpendicular to the reference

The principal change of the optical instrumentation ten- plane-series of spectra are required for interpretation, as
ters around the optional substitution of the radiation chop- will be shown.
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MODE I Mode 3 operation [Fig. 1(/)I, i.e. spectroscopy ofi radia-
lead tiofl polarized in one particular plane and referenced to a

rotai sta' , blackbody. provides spectra thiat are miore easik

intf: -led tItan those of Nlode 2. but reqitires at least twice
tGW 411" ack I as mart> experiments for the determination of dichroismn

and is less sensitive.
W4 'rhe blackbody shown in Fig. I is also anl advance over

our earlier work. It provides an intense omlptt that is highly
I directional and call be ralher quicklv varied in terms of both

dMIca o blackbody temperature and magnitude of infrared flux.
Both the details of the three modes of operation and the

I construction and performance of the instrutmental parts wilt
h~hs4~ be the subject of a publication in an appropriate jour nat.

Traction and Film Thickness Measurements

catmesorThe traction andt film thickness measurements relating
to our sliding contact, of which those shown in Fig. 2 and

a) NO PLAmIR 3 are examples. were obtained with the apparatus outlined
(a) Model,. no polarizer. blackbody radiation referenced to sarnple rat- in Fig. 4. It is similar to those described by Cameron. Winer,

diation by reflection off chopper blade.

MODE and other authors, as it consists of a rotating balt forming
a sliding contact with a sapphire window on its upper sur-

low . rot face, thus also allowing for convenient EHD film thickness
4111-measurements by microscopic observation of Newton rings-

type optical interference. In our particular design. the sap-
diri window -Inkh phire window is five cm in diameter and twelve mm thick,

.oth to allow easy access to the microscop~e objective and
for heavily loaded contacts. The plate holding the window

Paloizer - easily slides on linear hearings, whose friction is insignificant
AP compared to that of the EIHD contact. The friction at the

contact is determined with a strain gatuge onl the connection
between the window plate and the loading platform.p The
straight lines drawn in Figs. 2 and 3 are the best curves

-1fo Alow TICE with 3% TCE

bi) RO1TIN4G POLARIZER Hrzo etinp(b) Mode 2, rotating polarze, mfutually perpendieular ptanea0 of polar- prsur iripeeurl I
zotlon referenced agatnst each other, chopper kept open. -£- 09 - .

a- 0.3 . 0.3

iltia 4.0

*1.

*efime0.0 qmed

c) STATIONARY POLARIZE" .00 .10 .20 .30
(a) Mode 3, polartiar, kept tn one position. biackbody radiation referenced Fig. 2-Force of traction tor a potvyycohexyt (tracion) fluid wtth and

to polarized samnple radiation by reflection Ott chopper btate. withouat trichtorthane (TCE) additive at different average Itertialo proe*-
Fig. I1misaton spectra recording attachment oure" sa functton of slding speed.
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W~ To Wl 3% TCE are frequent contaminants of lubricating oils In other
words, it is a fluid pertinent to f ield apldi atlions. %et well

a. .....

05 suited to scietific investigations. In the latter iespect. it has
0. 6 -- a- 0.6 no strong hands of its own in the spectral region (630-1230
- 0 -- acm- of this investigation. Hence. the spectra shown are

not altered by its presence or absence. mereh as a conse-
quency of mixture. Its strong hands. strong enough m allow
detection in concentrations of I percent and less. are below

250 600 cm- where imlyphenvl ether has essentiallh no infrared
,'/pA~" ./  modes. Work in that region of the emission presents some

S- e difficulty-not an insurmountal)le one-and will he un-
.- dertaken at a later date to provide additional confirmation

• "- of some of this paper's conclusions.

" - RESULTS
too /, 0 Figure 5 shows tlital El-HD emission spectra obtained

"' [n] with the present apparatus. The Mode I operation spectrum
shows the key hands at 680. 765. 965. and 1180cm
representing different fundamental modes of vibration

g. 3-Hrtim contact sepratIons obtained form polycyclohwyl (trac- within the polvphenvl ether molecule. The linear sliding
lion) fluid with and without trichloroethan. (TCE) additive at different

average HMton pressures as function of sliding speed. speed was 0.6 ni/s and the average hertzian pressure about -

1.2 GPa. When the chloride was present the relatise band
intensities [Fig. 5(b)J changed even though the operating

representing our data. Data are lacking for low speeds be- conditions remained the same. Most noticeab', the 680
cause of experimental limitations. cm band is less intense than the 1180 cm 1 band when

Since the contact in this apparatus is not identical with the chloride is absent [Fig. 5(a)]. but stronger when it is
that used in the spectrometer-the fluid must be carried present [Fig. 5(b). While the average contact surface tem-
up by the ball's rotation, sapphire has different physical perature was basically the same for chloride present and
properties than diamond-the results are not expected to absent, the average EHD film temperature with the chloride
be identical with the diamond contact. However, we believe present was somewhat lower (estimated at I 10°C versus
them to be sufficiently similar to provide us with relative 1 15-C). This difference would not account for the spectral
measurements. differences. however. The main reason for the spectral dif-

Agai~the details of this instrumentation will be described ferences is the different molecular orientitton-I' ',riza-
elsewhere.. tion of the hands-produced by the presence and , ..nce
....... of the chloride. Even though no polariier %%as used it. Mode

Fluids I operation, the emission bands are still influenced by ori-
entation of the transition moment: a transition moment

Most of the work described here was carried out with vibrating exactlh ini tie direction of observation cannot give
polyphenyl ether having the same properties as the fltiid rise to electromagnetic radiation, such as infrared. observ-
used in our earlier investigations and those of other authors. able in this direction. The relative intensities of the 680 and
such as Hirst and Moore (5). Measurements were also car-
ried out with a polvcvclohexyl traction fluid. The spectral
results with the latter turned out to be similar but are not
reported here because the latter spectra are much less in- sapphlre windows %rain gouge
tense and more difficult to interpret. Polyphenyl ether,
being solely aromatic and ether, provides excellent infrared
spectra and is a rather pure chemical. It is still a mixture
of many isomers, but many of the spectral bands can be
assigned to the same transition moments. There are rela-
tively few bands, many of them representing fundamental
normal modes of vibration.

The additive used in many of the experiments was 1.1.2- .I load

trichloroethane separated from commercial trichloroethane ball

by simple fractional distillation. Its infrared absorption
spectrum showed no extraneous features. It was selected (A - _r7 .-7 i-

because of its relatively high boiling point (115°C). ready
availability, and well understood molecular structure as well
as because of its similarity to chlorinated solvents and to the heater. "

chlorides contained in commercial tetraethvl lead, which Fig. 4-Appeetut for memurig tuction and film thftksttt
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- ',1 the ordinate scale available. However. relative hand in-
I,-. -tensities are significant. of' course). [he reduLction of the

f"A"JV.'\ fyI - relative intensity of the 765 cm - hand b% pressure and
~ \j-'.1 shear was referred to in -an earlier publication (6).

/'JXAI J The mode 2 spectra of Fig. 5 were obtained for three
-dif .r,-tt Ahase :,ngles tp: i.e., angles between the reference

-- -- -pi ae and the liertzian -onjunction plane. Since they are

a, difference spectra-dichroic spectra representing the
difference between infrared emissions polarized parallel
and perpendicular to tile reference plane-they contain

.. . rather sharp bands which can point up or down and can
only be interpreted by comparison of series (if spectra. The

r very fact that Mode 2 spectra could be recorded from op-
- 'c erating contacts is proof of flow polarization and, hence.
tJ~ / V -,, molecular orientation produced by shear flow. The %elocitv

- . gradient in the EHD contact helps orient the Inbricant neol-
- -,- ' .. ,,. . . .. ecules along preferred directions. Stationary liquid samples

..... gave no Mode 2 spectra: the difference between the infrared
radiation intensities polarized in two mutually perpendic-

Fig. S-Inrared emlealon spectra of polyphanyl ethr from an operatng ular planes did not depend significantly oti frequency. (A
EHO contact for both Mode l (referenced to a blackbody) and Mode 2 small Mode 2 signal, which is nearly independent of fre-
(reprsenling differencebetweenthespectra of mutuallyperpendcular quency, is attributed to apparatus error). In other words,

planunder shear flow. thelubricant molecules are oriented in
The sliding speeds were 0.6 in/t and the average Hertiln pressures
1.2GP.TheGUA's(greatestunnormallzedamplltudes)rarelatlve over- the plane parallel to the diamond window with respect to
all spectral Intensltis. The Mode 2 spectra ae shown for the phase the flow direction as well (i.e., in addition to being restricted
arin(Ae) shown;theyareallonthe samescale.Spectralbondsreferred to motion in this plane as described in the preceding par-

to In the text are marked by arrows.
agraph). The variation of band intensity with phase angle
allows deduction of the degree of alignment by the velocity

WAVENUMmn ieo8C W- gradient in the EHD contact. Clearly, the presence or ab-
sence of the chloride-one percent only-has a drastic ef-

w e " e fect on the degree of orientation.

0*,m., OGe* This effect is more cleary seen by the schematic lines of
06l, 2 910a Fig. 6 for the I IO cm band of polyphenvl ether. Please

- -a---| IZ- 05 Ift
! -a- -"- "1. 1.Z 2 9 PQ note that these figures can be compared onlh relatiely--only

three experiments were rn with and without the chloride
10 toaedml/] , (iJ (it takes about an hotir under fully constant operating con-

A 0ditions to obtain one spectrum). lHowever. there can be no

,CE ~ question that the fluid is more shear flow-aligned in the pres-ence of chloride than withotit, for then tile connecting lines
are more V-shaped already under less intense operating con-

6 6 t ditions. Withtout chloride, only the most drastic operating con-
4 ~~~ \ cl,. ition produiced the V-shaped intensity plot observed with*/ chloride: with chloride, all of the intensities Illow a V-pattern.

" The V-pattern is largely a result of the lack oh more data
2 "-2 *\/. points: i.e.. more variation in the angle between the (arbitran)

reference plane atid the conjunction plane. Many nore points
-" 0 30 -sowere. therefore. obtained for a few selected operating con-

.30 0 30 j30 &ditions. The plots of Fig. 7 represent such a study. Note that
different spectral bands---corresponding to differently di-FIg. 6-Ospendence of the 11810 cm-' Infrared emsonlf balnd Intensity ree rniinmnet-hv aiaadniiaa Il

of polyph nyl other on the phase angle (angle between the Hertzlan con- rected transition moments-have maximaand minima at dif-
junction piane and the referenc plane) with and without trichloroeth ne ferent angles, jtst as expected. Indeed, the precise direction

(ICE) additho. of the molecules as a whole and tie proportion so oriented

can be calculated from these data-and is in progress. These
765 cm- 1 bands are particularly sensitive to this effect, since data were. furthermore. oblatmed with a titanium nitride-
the latter band. representing an out-of-the-phenyl-ring- coated bearing ball substituted for tile usual tincoated (44(C)

' plane vibration should become unobservable to us when the stainless steel ball. This thin coating made the ball surface
ring is oriented parallel to the diamond window. It would about 50 percent harder. (The coating was (lone in H. Hin-

. seem that the presence of chloride is conducive to this ori- terman's Lahoratoire Suisse de Recherche% Horlogeres at
entation (all the spectra are plotted "normalized" so as to Neuchatel. Switzerland.) There is no apparent difference be-

e '.
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tween the spectra with and without chloride for coated and Z
uncoated balls! This observation already constitutes a goodl
indication that the polar chloride additive has a bulk, as well
as a surface, effect. Very likely, there is a surface effect. how-
ever our spectral measurements are not sensitive enough to
pick up thin surface layers but are sensitive enough to see
differences in the bulk fluid. X-ray surface analysis in con-
junction with scanning electron microscopy has shown the
presence of adsorbed chloride with both coated and uncoated
balls, perhaps more on stainless steel balls (no quantitative
analysis has been made). Tractions with titanium nitride-
coated balls were not different from tractions with uncoated a
steel balls.

To show the geometrical relationships more clearly, Fig. 8
has been included. The optical axis of our instrumentation X
is along the X-direction. The shear plane, or conjunction o w

plan, wichis ertcal n or epermens, i th Xf plne. Fig. 11--Coordinate system showing rlatons for orientation of molecules
plane, which is vertical in our experiments, is the X/Y plane. by sheer In a lubricating contact.
An arbitrary orientation of the transition moment giving rise
to an infrared emission band is shown. In general. it would
be inclined with respect to the major molecular axis by tile 12 khar) in a diiamond anvil cell. phase separation (a spidet
angle a as shown. Angle 0 and ip represent colatitude and net pattern) was observed to come into focus stiddenlv under
longitude in the usual way. the phase contrast (polarization) microscope. While these ex-

The model of Fig. 8 has been used to show that the intrinsic periments were cotlucted under low shear-r no shear-
molecular dichroism-measured by the angle el-is separable conditions, there is every reason to believe that the same phie.
from the flow dichroism under these geometrical conditions nornenon would xcur under shear and. theoretically, it %tould
(8). Since we do observe changes of our dichroic spectra with be even more drastic. In other words, it is verr likely that the
shear rates, flow dichroism must exist and. furthermore, be chloride ad t itive-and ue made similar observations with
affected by the one percent (or less on occasion) of chloride lauric a,-id ar'. other conitnonl used hourndarv additives-
present in the lubricant. . helps prodt,,! a two-phase or multi-phase svstem (liquid/liq-

Figure 9 shows glass transitions for the polycyclohexyi (trac- uid or liquid/solid) under Herrian contact pressures.
tion) fluid and for a 1 percent solution of trichloroethane in Analogous phenomena were obser'ed with otiler mate-
it, which were obtained by differential thermal analysis (DTA). rials, such as those used hv Rounds (3).
The assumption of a correspondence of temperature decrease
with pressure increase is commonly made. The changes in
slope of the heat capacity/temperature plots indicate glass DISCUSSION
transitions. The absolute values of the transitions are less im- Already Rounds (3) had observed that the addition of
portant to us here than the fact that the presence of chloride small amounts of chlorinated hydrocarbons to polvcvclo-
produced a second glass transition, even though the solution hexyl derivatives tanalogous to those used in traction fltids)
at room temperature was perfectly clear. Somewhere along could reduce traction substantially. Our own measurements
the line, a phase separation occurred on cooling. When a (Fig. 2) certainly cotifirmed these results. He ascribed these
similar solution was pressurized to very high pressures (up to results to a surface coating. houeser. Yes. we. too. noted

a chloride laver on our stainless steel ball. However. we also
noted similar results wlhen the titanium-nitride coated ball

n"iatc] was used and less chloride was adsorbed. Okabe and Kanno

- - 660 c-l (2) also came away questioning the surface laver hIy pot hesis.
60 -- 5 C: The question rettains. of course: if adsorption is not The

-- Gl cm sole mechanism of additive concentration in the contact

.0 1-# *region, then what is-- A concentration effect must be as-
o--0 sumed to account for the unproportiosalv large influence

0 - of small additive concentrations. Furthermore. our present
a 6 -0 work definitely shows a strong influence of the additive on
*- . .*.the flow properties of the bulk lubricant through the Her-

30 ' .tzian gap. The fluid molecules are oriented and oriented
more easily when the additive is present.

....M 2 "We believe the model of Fig. It) is consistent with the
9-to 0a -.0 0 30 6o ,o t .( observations. Additive materials accumulate in the inlet re-

Fig. 7-Ochroic Infrared band Intontles for different emission bonds gion of tie Hett.ian cottact as anothe- phae is formed
of polyphenyl other at different phase anglee (angle of the reference
pia" with the conjunction plin). The sliding speed was 0.6 mr., the under the po-itive presm re gradient. [ lie flow lines hme
average "ftm pressure 0.6 GPa. A TIN-coeted beartng bell was used. been shown even to rever'e direction at tile inlet, ie con.

.. . . ...j ';,'-' .. , - ., _ ,.. -' .: ' Pl 'sL - . ..--
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Spec heat [J kg'K1] PRESSUEE

ACPx0.359I10 3 J'kgI"K-
;naesingdecreasing

I tonperature [rKI queuing Idssolution

ISO 20 220TWO PHASE FLOW
(I) Fig. 10-Model to explain the Influence of trichioroethane (TCE) additive
(a). o addtiveon flow dichroiam.

prodluced b%"e tc slipping, as concei\ ed bv Larsen arid
spc.het rh- - Perry (8). 'th lese aulthors asume(] that adsothetl molecules

had a directing effect on the hulk fluid. The explanation
could not account for' similar results with different sto faces.

Tgu- 163.2- K The two phases we conceive of origi na i n v in thI e H-lert zia n
Aiinlet region coul b( e liquid/sc r1id as well as I iqu i h/11(1 od. For

ACP'-001-0 J-Itf'kX' example, the traction fluid could he forced inito the glass%
state under the pressure gradient. .-" glass particles comve

I A~9 0J6 108J kg *K'out of the liqoid phlase. the chloride additive %%ouIld con-
AW- J63 104J- k-4 -K-1centrate in the liquid phase. therebyv increasing the pressure

- - P - --necessary to solidifv the remaining liqJuid inure and inire.

T T."9_Since the shear strength of the liquidl is less than thfat of t he
Tg.16 glass. the traction is reduced. Since the net floss rate of thle

I I lubricant under shear is thereb% increased. infrared flow
polarization is enhanced. Sitice the luibricanit is thus effec-

I ~~~ively less viscouis itt thle presetice of'cli 'n , the H-eitz ani

I ~film Ithickntess is ten Iiced as was ol sers eu (Fig. -1) 1 lie lo%%er
Ittelnpraure LKj traction also produtced a lower film temperature.

ISO 200 220 This picture is coinsistent wsith two obsersed glass tratnsi-
tions. one for the essetitialls pure liquid and another for the

b) concentrated solution. However, a change is also conceiN able
(b) with 3% of trichloroethane (TE where the glass transition is pushed up to higher and igher

Fig. 9-Olffmtl thermal analysis showing glass transitions of poly- pressures. With sonme fluids. it is possible that the critical pres-
cyihxlfacinfud sures are then exceeded and nfensitv fluctuation produced.

These would not allow the recording of good ipectra.

ditions in the inlet region determine, as is well known, the
film thickness and other properties of the following Her- FRHRWR NPORS
tzian contact region. An appreciable number of additive
"blobs" travel through the region in a two-phase flow. This Other flids and additives are tinder ins estigation. In
model is consistent with Winer's view of' traction in terms some instanc:es. the pha~se separation has led to ineased-
of limiting strength of the lubricant, considered as a glass rather than decreased tractioii. Ani eflorl is heitng made to)
in the Hertzian region. 'the pressure of the globuiles or confirtm the postuilatedl increased chloride (oncentratioii ini
blobs weakens this strength. especially wvhen the material the inlet zonie Is' our itifrared emission inicrlospectiipho.
there has become glassy. The idea is sitnilar to the resulting tometer. Differetit surface coatings are also being sttidied.
weakening of steel by substantial inclusions of undissolved This is ain ongoitng investigation. It remains to be seeni
particles. Hence, the friction, or traction. of a fltiid can he how general a picture can be drawn.
substantially reduced by' small amounts of impurities or ad-
dlitives and the effect can be independent oif the nature of CNOLDGET
the surfaces.

We do not believe the orientation of the bulk fluid is This research wsas sponsored by the Air Force Office oft
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Temperature Gradients Through
EHD Films and Molecular

V.W. King Alignment Evidenced By Infrared
J. L. Lauer' Spectroscopy

Partial and complete emission band reversals hate been observed in the infrared
Department Of Mechanical Engineering, emission spectra from portions of operating sliding contacts. An elementarv
Aeronautical Engineering & Mechanics, analysis has been carried out to show that partial reversals are due to temperature

Rensselaer Polytechnic Institute.
Troy. N.Y. 12181 gradients in the fluid film - the film acts both as a radiation-emitter and absorber,

and that total reversals - an emission spectrum appears as an absorption spec-
trum - are likely to be due to a continuum source, such as hot solid asperitne.s. The
total energy radiated under the latter conditions exceeds that under the others. A
decrease in gap width with increased load was accompanied hy a drainutw Vpetral
change in the case of 5P4E pol.tphenvl ether, which is indicatite oJ molecular
alignment.

Introduction

The temperature of the thin films of lubricant in operating shok n here, reabsorption of thermal emission can oc,:ur onl
elastohydrodynamic (ehd) bearing contacts has been the when the radiation emitted from a hot source passes, L
object of a number of recent studies, notably by Crook [I], cooler-absorbing-medium. With this instrument the in-
Winer and coworkers [21, and by ourselves [31. In all these frared radiation generated in a bal/transparent plate contact
investigations a uniform temperature was assumed across the and transmitted through the plate (diamond or sapphirc flat)
conjunction region and the lateral temperature distribution - was analyzed spectroscopically over a wide frequency regiorn.
along and across the conjunction line in a ball/plate contact In contrast to radiation pyrometers, which record the entire
for example-was explored. A uniform temperature across thermal flux transmitted, the spectrophotometer permits on
the film appeared to be reasonable because of (i) the very examination of infrared band shapes. If some peaks of
small thickness (0.05 to 1.0 Am, in general) and (ii) the very emission bands arc re-absorbed, different lubricant laekr,
higli linear fluid velocity (- I m/s). Most of the heat must act as radiation emnitcrs and as radiation absorbers:; i
generated in the contact region by viscous friction in the entire emission spectra appear as absorption spectra, hot
lubricant would therefore be carried away by convection, asperity contact regions would appear to be the primary heat
shile thermal conduction across the lubricant/bearing surface sources.
boundaries would play only a minor role.' Nevertheless To make these measurements possible, the sensitiity of our
thermal conduction across the boundaries was considered instrumentation had to be impro\ ed. Both types of behavior
mainly responsible for the increased temperature of the solid were found under different operating conditions.
surfaces in operating contacts, which could be determined The procedures used in this study will be desci bed and the
directly by radiation pyrometry. Other possible mechanisms results discussed for their impact on performance problems.
for ,urface hearings, e.g., elastic deformation and asperity
,,,itac:s. have ,..en considered-the former was found to
hrae only neglig ible effect and the latter was thought to be Apparatus

effectike primarily when scuffing occurred-but regarded (i) Speclro meter-lnlerferometer. Since the main elerncnts
sc,:ondary to thermal conduction from the lubricant, of our apparatus were described in earlier publications 13. 41.

The infrared emission microspectrophotometer, described it will suffice to say that ours is one of the nlos. senrifiie
in an earlier publication [41 was thought to be a logical tool instruments available for emission spectroscopy today.
tor l inding temperature gradients in ehd films since, as will be However, even more important than ,cnsitivit., is

discrimination against radiation sources other than the
lubricant film, i.e., primarily blackhody radiation from hot
boundaries. Phase-locked amplification, diiitization of ,be
signal, and mathematical processing in a dedicated

(,nrtributed by the Lubrication Diision of THE Am.EtCAN SOCiETY OF minicomputer achieve these goals.
%it-HA AL EN,;FRS and presented at the Century 2 ASME-ASLE In- (ii) Emission Optics. Since our objecti e is the detection of'
icrrJiional Lubrication Conference, San Francico. Calif.. August t8-21,
1 lnsiucrpt received by the Lubrication Dision. February 21. 1980. very weak infrared radiation emitted trom ,mall areas
Pip No. S0-CZ Lub-12. (Hertzian contacts or parts thereofl, the method ot in-
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Fig. 2 Chopper and reference assembly
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blackbody radiation, whose magnitude can exceed that of the
Fig. 1 Mockup bearing assembly discrete lubricant film radiation very considerably. I f the total

radiation were detected and analyzed simultaneously, the
troducing the radiation into the interferometer optics has discrete radiation could be lost in the noise level. (The
required careful design and has undergone a number of discrete radiation of the lubricant, which gives rise to an
modifications. Figure I shows our present design. The emission spectrum equivalent to an absorption spectrum is, of
lubricant layer under examination is at the conjunction of the course, our main interest. Discrete emission bands appear at
large bearing ball (typically of 0.0286 m diameter) and a the absorption frequencies for a film of uniform elevated
diamond window (4 mm diameter). A sliding contact is temperature for, effectively, the ball's emissivity is higher at
formed when the ball is rotated by a flexible shaft about an these frequencies than at others. It is as if the ball were coated
axis perpendicular to the plane of the figure. The electric black there.) Hence it is necessary to oppose the continuous
motor driving the ball is mounted on a table isolated from the radiation by a blackbody source. This is done by the chopper
optics and the bearing contact. Our present-much im- and reference shown in Fig. 2. The chopper, consisting of a
proved-results and considerably wider spectral range-are pair of reflecting tuning fork tines vibrating about the
attributable to the almost complete mechanical isolation of collimator focus in a plane oriented at 45 deg with respect to
the optical instrumentation by an air-floated stone table. The the direction of the source radiation, alternatingly introduces
flexible motor-to-ball shaft is the only connection between the source and reference radiation into the spectrometer. Only the
optics and the rest of the room; careful tuning of this shaft by difference of these radiations is detected.
clamping it along its length -in the way a cello string is
tuned - makes it possible to prevent all the vibrations of (iii) Polarized Spectra. The interferometer-spectrometer
interfering frequencies from passing through. assembly is cylindrically symmetrical about the optic axis with

A collecting-all reflecting elements-lens directs the two exceptions: (a) the direction of the ball/plate con-
source radiation downward to a 45 deg planar mirror, which junction line and (b) the planar germanium-on-salt beam
brings it into the horizontal plane of incidence of the splitter in the Michelson interferometer portion. It was shown
Michelson interferometer. An enlarged image of the source is by Bell [51 that the beamsplitter polarization effect -

formed a short distance downstream of this mirror. This asymmetry of signal output when a linearly polarizing plate is
image is in the focal plane of the collimator and constitutes rotated about the optic axis - is at most 1007, and that is
the effective source for the detector. Another image is formed what we observed. Furthermore, this polarization effect is
just ahead of the detector, where an iris diaphragm is used to nearly equal over a wide spectral range for a parallel wire
select portions of the contact region for analysis. For most of polarizer (we use a wire mesh of 0.4 um separation deposited
this work about three-quarters of the central portion of the on a KRS-5 disk). Hence any polarization effect shown, which
Hert~ian contact area were analyzed. is related to individual emission band intensities, must be

The radiation from the lubricant layer is invariable attributed to processes occurring in the contact itse!f. (The
superimposed on a background of continuous greybody or diamond window is itself subject to uneven stresses and

Nomenclature

F = normal applied load Gdi p e = fluid %iscosity at I atmosphere
G =dimensionless material = or pressure

parameter, mti 1= 3 = angle of incidenceparmetr, E ll ' 0'= angle of refractive
I = radiation intensity g,= 'U- -  = releeivitv

I- = intensity of outgoing radiation a =
I- = intensity of ingoing radiation k K/cose r = optical pathlength
K = absortion coefficient n = refractive index Subscripts
L = film thickness t= transmittance

Mt = metal surface u = mean surface velocity h = refers to blackbody radiation
R, = effective radius y - distance through film from e = refers to elasticity

T = temperature window 0 = window medium
U = dimensionless speed parameter a = viscosity/pressure coefficient t = refers to viscosity

U = uq,/E'R, = factor accounting for multiple I = fluid medium
I = Dimensionless load parameter reflection 2 = metal medium

W = i.'R-, = emissivity v = refers to frequency
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Fig. 3 Schematic diagram of a semi-transparent film sandwiched Y L

between a flat metal plate and an infrared transparent window

therefore transmitting radiation anisotropically. However,
that anisotropy is nearly independent of infrared frequency.) Positive Temi~rutue (rcec:;t

Such a polarizer was placed at the image location in front of T :Th r -- '

the detector, thus polarizing both source and reference T l'1

radiations.
00v Distribution of Radiance Over the Field of View. Figure T" - Te 4 1

3 gives a schematic diagram of the radiation emitted by a I

semi-transparent - i.e., transparent over parts of the infrared o
spectrum, absorbing over other parts - film sandwiched Absorption
between a flat metal surface and a transparent window. Since
the numerical aperture of our most-used objective lens is such
that radiation incident on it must lie within a cone of 30 deg
half-angle, the rays shown represent the boundaries of the dl) Concave Temperature Gradient

central cone collected. Within the lubricant film the ac- T=Th - - - - -- -
ceptance angle is somewhat greater because the index of
refraction of the fluid is less than that of the diamond win- T.T-
dow.

Since the radiation must, of necessity, be collected over
solid angle, the effective optical path within the film is longer 0 L

than the (normal) film thickness. Furthermore, the field of 0 Candle-fike
view used must be adequate to provide a measurable signal.
However, since the film thickness rarely exceeds I tAm, the Fig. 4 Effect of temperature distribution through a film on its infrared

lateral translation due to inclination of the beam with the emission bans shapes

optic axis is negligible compared to the typical diameter of the
Hertzian area viewed, which is around 100 tm in most of our
experiments. (As mentioned earlier, the view area was limited shows absorption bands (absorption spectrum). When the
by the iris diaphragm in the image plane ahead of the layer of dielectric. e.g., a film of lubricant, is hotter than the
detector.) For purposcs of radiometric accuracy it is necessary detector, it will emit infrared radiation at the resonance

that the objective lens and entire specttomter-interferometer frequencies, (the modes of molecular vibration correspond to

optics attenuate the radiation orginattng anywhere within that infrared frequencies) so that a plot of emitted radiation in-
area equtally. This has been shown to be the case. tensity versus frequency shows emission bands (emission

spectrum). However, a pure emission spectrum can originate
only from a material at uniform temperatures throughout. A

T"heory temperature distribution through the depth of a lubricant film
(i) Infrared Emission Bandshages. The building blocks of will lead to partial reabsorption of emission bands, dimpled

dielectric materials are molecules consisting of atoms held bands and "candles" sticking out from the bottom of a
together by %alence forces. These atoms vibrate by thermal "depression" (Fig. 4). These phenomena were first observed
energy, giving every molecule a set of resonance vibrations and analyzed in stellar spectra by astronomers. The ssell-
analogous to the resonance modes of mechanical structures, known Fraunhofer absorption lines in the spectrum of the Sun
Accordingly, the radiation from a hot continuum source are indicative of a hot core and a cooler peripheral a,-

passing through a la:er of dielectric material ik absorbed only mo,;phere. The theoretical justification is based on the
at frequencies corresponding to molecular modes of vibration radiation transfer model developed by astrophysicists.
i.e.. a plot of transmitted rauiation intensity .ersu, "-eqtiency Howeser, the schematic drastings of Fig. 4 should be

Journal of Lubrication Technology JANUARY 1981, Vol. 103167
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0] j Fig. 6 Ehd emission spectrum in the 630-1230 cm range of 5P4E at
low speed and high load (800 MPa average pressure)

-. -o,

630 930 -23

Fig. 7 Ehd emission spectrum In the 630-1230 cm range of 5P4E at

high speed and low load (600 MPe average pressure)

responsible for emission and absorption spectral bands. But
how do these molecular vibrations interact with the infrared
electromagnetic radiation? The interaction is explained by a
vibrating dipole moment associated with every normal mode

b of molecular vibration. This transition dipole moment has, as
a vector quantity, both magnitude and direction. Just as is the
case with a dipole antenna, radiation cannot be propagated in
a direction parallel to the dipole moment change but is at
maximum in a direction perpendicular to it. The direction ofConjunction line dipole moment change is determined by the molecular

Fig.5 Normal modes ol benzene ring geometry. For example, Figure 5 (a) illustrates the so-:alled
a. umbrella mode umbrella vibration of the benzene ring, a major constituent of
b. an In-planemode the 5P4E polyphenyl ether lubricant. The inner hexagon is

formed by the linkage of six carbon atoms; one hydrogen
adequate for an understanding of the spectroscopic evidence atom- or other substituent-is attached to every carbon
for a temperature distribution through a lubricant film. atom. In the umbrella vibrational mode the dipole moment
Appendix A provides a simple mathematical analysis. change vector is normal to the plane of the paper. If the plane

of the benzene ring, say of 5P4E, is also parallel to the
ii) Polarization of Infrared Emission Bands. The diamond window and perpendicular to the optic axis of the

polarizing filter inserted into the optical path of the in- instrumentation, then this %ibrational mode is not detectab!e.
terferometer makes it possible to rotate the plane of ,'-cause the dipole moment change vector is parallel to the
polarizaton about the direction of propagation of the optic axis. On the other hand, the normal mode of (he
radiation. Thus the plane of polarization can be made to distbstituted benzene ring, sho%%n in Fig. 5(b), should be
contain the ball/plate conjunction line or be perpendicular to most pronounced %sith the polarizing filter plane in .he
it. In order to explain the significance of polarized emission direction of the conjunction line (showni and least
spectra in the context of lubricating contacts, it is necessary to pronounced with the polarizing filter plane oriented per-
,ay a tew words on how infrared radiation arises. In the pendicularly to it.
previous section the resonances between modes of molecular A re!atively weak emission band at the frequency associ-.ed
%ibration and infrared r diation frequencies were said to be with the sibration illustrated in Fig. 5 (a) can thus be regarded
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ZFig. 10 Lubrication regimes on log.log grid of dimensionless viscosity
aand elasticity parameters for a circular contact (alter Hamrock and

Dowson 16D
5: 0 5l-

experiment showed a track mark. In short, the ,pectral in-
version was a result of asperity interaction or solid surfaces
contact- this interaction produced hot spots only partly cooled

001 o by the fluid.
i75 50;ii) Dependence of Molecular Alignment of 5P4E incm Concentrated Contacts on Fluid Film Thickness. A recent

Fig. 9 Ehd emission spectrum In the 1250-1850 cm 1 range of 5P4E paper by Hamrock and Dowson [6) makes it easily possible to
at high spapid and low load (600 MPa average pressure) identify the lubrication regime in elliptical contacts of various

eccentricites by means of dimensionless parameters. Our
ball/plate contact is circular and characterized by Fig. 10,i as good evidence for alignment of the benzene ring parallel to which has been adapted from this paper, mainly by estension

the contact window (rotation of the polarizer would have little of he date rngeh.sinc e mn b et dsis
effect on this band) while bands corresponding to the normal of the coordinate ranges. Since diamond' elastic modulus is
mode of Fig. 5 (b) should be strongly affected by polarizer very high (- 10 -' S.l. units) the reduced elastic modulus ford rotation. the steel ball/diamond window combination is also high,

-0.30 to 0.35 x 1012, depending on the nature of the par-
Results ticular diamond, compared to -0.22 x 1012 for a steel ball

on a steel plate. The elastic modules does not influence the
(I) Emission Spectra from ehd Contacts Containing 5P4E viscosity parameter g,. at all,' but does enter the expression

Pol)ether Fluid. All the spectra discussed were emission for the elasticity parameter g., which it could reduce by a
spectra, i.e., the detector source signal always cxceeded the- factor of at most (1/2)-'" = 0.63 compared to a steel/steel
room temperature - reference signal. combination. This factor is appreciable but is not enough e' er

Figures 6 and 7 compare low and high load spectra at high to force our system into the isosiscous-rtgid regime. To
speed. Figure 7 shows both a dimple in the 690 cm- I band. convince ourselves we operated our apparatus %ith 5P4E
The temperature gradient is not easily estimated. At high polyphenyl ether cooled to an inlet temperature of 33" (r! =
speed and at low load the film thickness is relatively high, 0.881 Pais) and at a ball speed of 200 RPM or 0.6 ms. ..\t
making a temperature gradient a rather likely occurrence. this temperature the pressure-viscosity coefficient of 5P4E is

In a different run at low speed and high load, in which tie 39.3 x 10- " Pa '. We used minimum load (3 kg), the . eight
1275-1850 cm frequency range was studied, the spectrum of of the ball and platform alone. Even for these conditions.
Fig. 8 was obtained. When compared with Fig. 9, %,hich which should be very conducive to very thick films, we
shows the corresponding high speed case, complete reversal of operated at the point marked ",,ery Io,, load" in Fig. 10. It
all the principal spectral bands is noted. The 1600 cm - lies near the viscous-rigid and viscous-elastic boundary, but
aromatic band is especially outstanding, appearing as ab- probably in the former regime (average lHertzian pressure 400
sorption in the low speed case. Since all the major bands in MPa). The corresponding infrared emission spectrum %%as
this region are reversed in the low speed case, a blackbody Fig. I I (al. Note the relati\ely strong band at '"50 cm -,
radiation at a higher temperature than the lubricant film must almost as strong as the 690 cm - I band to the left. When the
have been present. Indeed the total energy in this spectrum load was doubled, the spectrum of Fig. II (bi was obtained.
was higher for the low speed than for the high speed case, the
opposite of usual behavior. Examination of the ball after this See Arpendi B for definition of mathematical ,.rmbols.
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Fig. 11 Emission spectra of 5P4E from the balliplate conjunction; OO 5 8
a. low speed and low load 1275 1563 1850
b. low speed and high load
c. high speed and high load I.0O

for conditions corresponding to the "low load" operating -ih spe
point just Aithin the viscous elastic regime. Doubling the high load

ball's rotational velocity produced the operating conditions 0.5-
characterized by the operating point just within the viscous-
rigid regime are the infrared absorption spectrum of Fig.
II (c). The most interesting result is the almost complete

k.absence of the 750 cm - Iemission band in the middle spec- -0.01 ______________

trum and a bare indication of it in the bottom spectrum. Since 1275 1563 1850
all the other spectral features remained nearly constant and Fig. 12 Emission spectra of a traction fluid from the ball/plate con-
since the 750 cm I band is well-known to be caused by the junction;
•'umbrella" mode of vibration of the aromatic ring, in which a. low speed and low load
the change of dipole moment vector is perpendicular to the b. low speed and high load
plane of the ring (Fig. 5), it would seem logical to conclude c. high speed and low load
that the ring is indeed oriented with its plane parallel to the d. high speed andhlgh load

window. Polarization effects would then, as explained in the
theoretical section, preclude appearance of the 750 cm - across the gap could also produce partial alignment as some
spectral emission band. Rotation of the polarizing disk parts of the fluid are held down while others are moved like
referred to earlier about the optic axis of the instrumentation high grass in a wind storm. It changes the entanglement of
could produce spectral differences only if the plane of the ring separate units as they flow past one another and therefore the
was slightly tilted, say preferentially in the plane containing effective viscosity.
the ball/window conjunction line. Such polarized spectra The change of the 750 cm- band intensity with respect to
%%ere obtained and showed differences which, moreover, intensities of other bands cannot be ascribed to a chance of
depended on shear rate. For this reason the 750 cm band is layer thickness alone. It might also be worth pointing out that
also somewhat stronger in the bottom spectrum than in the our emission spectra are consistent with the layer thickness
middle spectrum of Fig. I1. defined by the operating points of Fig. 10.

The disappearance of the 750 cm -I emission band as the
gap is narrowed is dramatic evidence of a change of molecular fill) Infrared Emission Spectra of a Traction Fluid.
alignment of the fluid as it passes through the contact region. Traction fluids transmit torques to a much greater extent than
An alignment of the lubricant implies lower effective viscosity ordinary lubricants. For the same operating conditions they
compared to random orientation. This spectral change would also produce higher temperatures in concentrated contacts
imply alignment because of flow. A temperature gradient than other fluids, which is consistent with their higher traction
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(i.e., friction) coefficient. While the composition of these derstanding of the factors underlying our experimental
fluids is complex, it is basically a blend of straight chain and procedures, notably band reversals and partial reabsorption
carbocyclic hydrocarbons. The rings in the molecules would in relation to temperature gradients. L is not intended to be a
be expected to provide rigidity of structure. The principal rigorous theory.
shear might be within the lubricant or between the lubricant The model for the theoretical discussion is shown in Fig. 3.
and its boundaries and produce a temperature gradient in any The analytical method was adopted from that of Viskanta and
case. As mentioned at the end of the preceding section, the coworkers 171 and is based on the radiation transfer equation
gradient could partly align the molecular chains during flow (RTE) developed by the astrophyscists. It provides a general
and thereby change the effective viscosity to provide more framework applicable to a variety of situations, while the
friction between them. more common ray tracing procedures must be developed

Figure 12 show a series of spectra under different load and separately for every case.
speed conditions, all around the operating point marked in The RTE to he solved for a slab bounded by two parallel
Fig. 10, i.e., within the viscous-elastic regime. Any surfaces (film sandwiched between the bearing ball flattened
hydrocarbon contains vibrational modes caused by C-H over the Hertzian contact area and the diamond window) is
deformation, which are centered around 1450 cme '. Even dl (y, Cosa)
though we obtain emission spectra these bands show up as cosa - = k,(y)[n, (y)I6 ,(y) -I (y, cosO) (1)
absorption with respect to a general background. The area of j,- dy
the shaded region in the figure is representative of the ab- Azimuthal symmetry is assumed; I, (y, 6) is the
sorption. Notice that these areas are greater under high than monochromatic intensity (radiance) at frequency v and in a
under low load and that the low speed/ high load combination direction forming an angle 0 with y, the distance from the exit
has the greatest area. In view of the previous analysis there surface of the slab; K, (y) is the spectral absorption coef-
must be a temperature gradient through the fluid. At this time ficient, n, (y) is the index of refraction of the film and 1,,
the question of asperity contact or a hot zone within the fluid (y) is the radiance given by the Planck blackbody function
remains unanswered. The thinnest film was produced under corresponding to the temperature T(y), which is assumed to
low speed/high load conditions, making asperity contact vary withy in a continuous manner.
more likely. Equation (1) merely states that the change in radiance with

distance is the difference between the radiation emitted (first
Conclusion term on the right) and the radiation absorbed (second term on

Evidence has been produced for (i) molecular alignment the right). It should be remembered that any motion of the

and (ii) a temperature gradient within the contact region of a semi-transparent film, such as would occur in a lubricating
fluid under various operating conditions. There factors could contact, is irrelevant to radiation, which is instantaneous. The
be responsible for effective viscosity changes and provide energy radiation received by the objective lens represents the
leads toward the formulation of superior fluids, total energy emitted over the field of view during the time of

observation. In our typical situation (30 minutes of scanning
time) it represents a sum over a great many revolutions of the
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for cos 0 > 0 nonlinear Fredholm integral equation of the first kind for the
where unknown function I( Y), for which a number of solutions

S(r "CO) have been worked out, inter alia, by Viskanta and coworkers.
Rather than attempting general solutions of equation (9),

SI - r,(cosO),(cos8) e 2--,
'  

I 1 (6) some pertinent special cases will now be discussed.
(i) Constant reflectivities, indices of refraction, and ab-

is the factor accounting for multiple reflections between sorptivities throughout the lubricant film; uniform film
interfaces I and 2, 1,, (M) is the blackbody radiance temperature.
corresponding to the metal surface, and the optical depth r, In this case
and thickness rt ., are defined, respectively as I (I - ')03[( - 2 )e -L I, (A%)

K,(y) dy (7) +i[I-e-L+ (e-L-e-kL)] 111)

Since the transmittance t can be defined as toe -
', the

and above equation can be simplified to

rL, K, (y) dy (8) =(1i-l)3[(l 2- )tlh(M)+I -t+ 2 (t-tU ) (12)

where 0l= (I - ta)-' and I = I] can be identified with the
Further refraction takes place at the diamond/air interface, radiance of the film.

It limits the solid angle over which radiation can be in- Equation (12) can be re'written in the following form
troduced into any objective lens, because the critical angle for
diamond/air is36deg. Henceanobjectivelensof much larger ! =(l- )1[(l- ,)tlh(M) +l(l-t)(l +-,tl (13)
numerical aperture than our present one (maximum half-
angle of 30 deg of the entrance cone) would not increase the It should be remembered that t = t (j'). Thus, when
radiant flux collected. However, it would provide an effective , (M) > >I, a plot of I versus wavenumber ' will represent
reduction of the field of view. Multiple reflections within the an absorption spectrum. On the other hand, when I. (Mf)
diamond window need not be considered since their overall < < I, a plot of I* versus wavenumber will be an emission
effect was estimated to be slight (the diamond window is 2 spectrum of the film, the factor (I - i) playing the role of the
mm thick; off-axis rays suffer sideways displacement ex- emissivity. The other factor (I + ,,t) proides a small
ceeding the limits of the field of view). enhancement of the radiation emitted, which is the result of

The radiant flux of wave number v entering the in- the back-reflection by themetal surface.

strumentation is the spectral intensity integrated over the solid When the reflectivity of the ball surface, i':, can be con-
angle of objective. The first term in the braces of equation (5) sidered as zero, then
is the radiance of the metal surface attenuated by passage I - (I - ri)03[tlh (M) + (I - 1)/] (n4)
through the film and partial reflectance at the boundaries. When, furthermore 1h (M) = I = 1, this equation
The second term, the integral, takes into account the emission bemeq
of radiation by the film itself. It consists of two parts; the first becomes
represents the radiant flux emitted by a volume within the film I* = ( - , )1h (M) (15)
toward the objective lens, the second part represents the In this case the emission from the surface is merely a
radiant flux emitted by the same volume toward the metal blackbody emission from the lubricant film surface.
surface and reflected back toward the objective. Both the emission and the absorption spectra derived in this

An advantage of the above formalism is the case with which section, depending on whether the film or the metal surfa,:e
the spatial and angular dependence of absorption coefficient, radiation is stronger, are continuous over the entire frequency
index of refraction, and spectral radiance can be taken into region (wavennumber region) covered. In other words. either
account. Extension from one dimension to three dimensions is emission or absorption spectra will be observed.
also quitestraightforward. (ii) Constant reflectivities, indices of refraction and ab-

Defining k = K/cos 0, dropping the monochromatic sorptivities throughout the lubricant film; film consists of at
frequency subscript and the angular subscript of reflectivity least two layers at different temperatures.
and radiance yields This case differs from the preceding one by allowing for the

1' (0) = (I - )(no /n) 2i3 possibility of partial inversion of emission bands in the

X central region. Figure 4 is an illustration of such a situation.
showing inversion "dimples." Since the width as well as the
intensity of most infrared emission or absorption bands are

+ n l(y+e + 'Iee -]kdy} (9) greater at hisher temperatures, reabsorption of the same band
n by a cooler layer of the same material will affect mostly the

Since r=kyand 'L = kL. Heren = n(y) and k = k(y). central region of a band, thus growing rise to "dimples." For
If this equation is applied to measurements of I* at two or example. Higuchi and coworkers [8] have shown that the

three wavenumbers where the absorption coefficient k of the half-band-width of many infrared bands vary with the
lubricant film is zero, viz. reciprocal of the viscosity. Since the viscosity of fluids

generally decreases exponentially with temperature, band-
!' (0) = 0I'i)nlu(l -O'n)o (M) (10) width increases exponentially. Since the band intensity also

the metal surface temperature can be evaluated, since I, (M) incr.ases with temperature, "dimpled" bands can thus ap-
is a known function of temperature (Planck's radiation pear. These bands are analogous to the well-known self-
function). The temperature distribution through the film can absorbed atomic arc bands, where the self-absorption takcs
then be determined from measurements of I ° (0) at ab- place near the - coolei - arc envelopes. Ofter, uch reabsorbed
sorption band frequencies by solving for I (y). provided that emission bands were mistaken for real doublets.
k(y) and n(y) are known from separate measurements of A variation of the "dimple" is the "candle." which is also
kiT) and n(T) sincey = y( T). Equation (9) then becomes a caused by a temperature gradient in the emitting film. It
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occurs when the temperature gradient trough the film is small show up as absorptions over very broad emissions.(relatively thick film or relatively weak heat source). An The greater bandwidth of infrared vibration bands at
,%xample is shown in Fig. 5. Again the warmest film layer is higher temperatures has been attributed to greater ease in
behind the radiating surface, causing complete or near overcoming the potential barrier for molecular reorientation
complete inversion of the emission bands. However, very (Rakov).
strong emission bands generated in a thin layer imediately Both spectra of type (i) (total emission or absorption) andbehind the emitting surface will show up as emission bands of type (ii) (reabsorption of some emission bands) have been
("candles") within a trough (the candle holder). They were observed in emission spectra from bearing contacts. Tonot re-absorbed. These bands appear at the exact recapitulate: We regard the former caused by a blackbody
wavenumbers predicted and are usually very sharp. This radiator (metal surface or a lubricant decomposition product)
situation is readily recognized because only the strongest in the contact region, which is giving off stronger radiation
bands stand out as emission and practically all the other bands than the bulk of the lubricant film.

t
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